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Abstract 
Volcanic gases are an important part of the volatile cycle in active planetary systems and 
contribute significantly to the mobilization and transport of metals to planetary surfaces. 
On Earth, Venus, Mars and Io, SO2 is the most abundant corrosive species in volcanic 
gases, and basalts are ubiquitous on these planetary bodies. The reaction between SO2 and 
silicate rocks forms oxidized sulfate and reduced sulfide. This reaction is a key process in 
the formation of porphyry deposits. In volcanic eruption plumes SO2 reacts with volcanic 
ash and is scavenged onto the surface of the ash particles. Knowledge of the reaction 
mechanisms between volcanic gas and rocks, minerals and glasses, and processes 
controlling the metal mobilization and transport in volcanic gas can constrain models of 
volatile and metal budgets of planetary crusts and surfaces. 
Using thermochemical modelling, I present a new model for the composition of volcanic 
gas on the Moon and compare it to a terrestrial volcanic gas from Erta Ale volcano 
(Ethiopia). The main species in lunar volcanic gas are H2, S2 and CO. This finding is in 
contrast to previous studies which suggested that CO was the sole driver of explosive 
volcanic eruptions on the Moon. This lunar volcanic gas has a lower capacity for metal 
transport compared to the Cl- and H2O-rich volcanic gas from Erta Ale volcano.  
To identify how SO2-glass reactions occur at high temperature and to investigate what 
might promote and limit these reactions, I present results from an experimental study. Pure 
SO2 was reacted with silicate glasses in the system anorthite-diopside-albite and with Fe-
bearing natural basaltic glasses.   
The sulfate reaction products are relatively enriched in Ca compared to the silicate glass 
composition, in particular in experiments with Fe-free anorthite-diopside glasses. On these 
Fe-free glasses CaSO4 is the sole observed phase in the coatings at 800 °C, whereas at 
600 °C minor amounts of MgSO4 were detected. At 800 °C, the flux of Ca from the silicate 
glass to the surface exceeds that of Mg by a factor of up to 330, whereas at 600 °C this 
factor is only 3. The rate of reaction is not constant, decreasing by an order of magnitude 
from 1 h to 24 h at 800 °C.  
The reaction of SO2 with tholeiitic basalt glasses produces coatings of CaSO4, MgSO4, 
Na2SO4 and oxides including Fe2O3 and TiO2. In addition, the reaction modifies the basalt 
glass because Ca, Mg and Na are lost to the coating. This results in the nucleation of 
crystalline spherulites and needles including SiO2, Al2O3, as well as Fe-Na-rich and Mg-
rich pyroxenes.  
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The results suggest that the structural properties of the silicate glass substrate control the 
diffusive transport of Ca, Na, Mg, Fe and Ti to the surface which in turn controls the overall 
reaction rate and the formation of sulfates, oxides and silicates. These findings can be 
applied to predicting reactions on planetary surfaces and at shallow levels within their 
crusts. 
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1 Introduction 
In this thesis, I first present a comparative study of a new model for the composition, 
speciation and metal transport in a volcanic gas on the Moon with a terrestrial volcanic gas 
from Erta Ale volcano (Ethiopia). Second, I present results from experiments investigating 
the reactive behavior of SO2(g) with basaltic aluminosilicate glasses at high temperature 
(600 – 800 °C). These investigations are concerned with the composition, properties and 
reactive behavior of volcanic gas. 
1.1 Volcanic gas and sulfur dioxide 
 
Figure 1-1: Calculated speciation of a terrestrial volcanic gas (Chapter 2) based on an 
analysis from Erta Ale volcano sampled at 1084 °C (Zelenski et al., 2013). The diagram 
shows the mole fractions of the major gas species calculated by Gibbs Free Energy 
minimization. SO2(g) is the third most abundant gas species.  
Volcanic gases on Earth primarily consist of H2O(g), CO2(g) and SO2(g) in addition to minor 
species including HF(g), HCl(g), H2S(g), CO(g), H2(g), S2(g) and SO(g) (Figure 1-1). Emitted at 
high temperatures of up to 1100 °C, volcanic gases are an important component of global 
volatile and metal cycles (Nriagu, 1989; Hinkley et al., 1999; Halmer et al., 2002; Mather 
et al., 2012; Allard et al., 2016; Henley and Hughes, 2016).  
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In addition to these volatile species, volcanic gases transport significant amounts of metals 
at high temperatures, which are deposited with decreasing temperature and pressure 
(Symonds et al., 1987; Le Cloarec et al., 1992; Symonds et al., 1992; Africano et al., 2002; 
Aiuppa et al., 2004; Zelenski et al., 2013). Metals transported in volcanic gases include 
alkalis, chalcophiles such as Cu, Zn, Ga, Pb, As, Te, Cd and Se, highly siderophile elements 
including Re, Os, Au, Ir and Pt, and siderophile elements like Ni, Fe, Mo, and Co (Zelenski 
et al., 2013). In the gas phase, the metals are predominantly transported as chlorides and 
sulfides, but also as bromides, oxides, fluorides, iodides and elemental gas (Symonds et al., 
1987; Wahrenberger et al., 2002). At fumaroles, these metals are deposited as highly 
diverse mineral assemblages, including oxides, silicates, sulfides, sulfates, halides and 
native metals (Symonds et al., 1987; Africano et al., 2002; Wahrenberger et al., 2002; 
Zelenski et al., 2013; Balic-Zunic et al., 2016). Metals are mobilized from silicates by 
degassing and volatilization or by reactive element mobilization. On the Moon, a 
volatile-poor planetary body (Heiken et al., 1991), volcanic gas must have had a 
significantly different composition. How this difference affects metal transport and 
deposition is discussed in Chapter 2.  
Gaseous sulfur dioxide, the third most abundant volcanic gas species (Figure 1-1), is a 
symmetric molecule with a S4+ cation bonding to two O2- anions. The charge distributions 
over the molecule are such that the S-atom has a partial positive charge, and the O-atoms 
have partial negative charges (Grabowsky et al., 2012). This uneven charge distribution 
makes SO2(g) a highly reactive gas species, which readily chemisorbs onto silicate materials 
(Henley et al., 2015). 
Globally, volcanoes emit 15-21x1012 g of SO2(g) into the atmosphere every year (Halmer et 
al., 2002). This is equivalent to approximately 20 km3 of pure SO2(g) at 1000 °C. Large 
cataclysmic eruptions may emit the same amount of SO2(g) in a single event, such as the 
large explosive eruption of Mount Pinatubo in June 1991 emitting ~20x1012 g of SO2(g) 
(Bluth et al., 1992). These large gas fluxes have a significant potential effect on global 
element cycles in volcanic systems as the gas reacts with silicates in the sub-volcanic 
environment and in the plumes of explosive eruptions.  
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1.2 Gas-solid reaction environments in volcanic systems 
1.2.1 Terrestrial volcanic systems 
 
Figure 1-2: Volcanic environments where reactions between SO2(g) and aluminosilicates 
occur at high temperature. a) The gas expands from its magmatic source to form a high 
temperature single phase gas core at T > 600 °C (after Henley et al., 2015; Henley and 
Seward, 2018). b) Explosive volcanic eruption plume with a high temperature core where 
gas and ash particles react to form salts (after Oskarsson, 1980). 
Figure 1-2 shows the two volcanic environments where high temperature reactions between 
SO2(g) and aluminosilicates occur. First, as the volcanic gas expands from its magmatic 
source it forms a high temperature gas core in the subvolcanic environment. This single-
phase gas core corresponds to a high temperature gas-solid reactor which is continuously 
replenished by hot reactive gas (Henley and McNabb, 1978; Henley and Berger, 2013; 
Henley et al., 2015; Henley and Hughes, 2016; Henley et al., 2017; Henley and Seward, 
2018). Second, similar gas-solid reactions occur in the core of hot volcanic eruption 
columns where up to 40% of the SO2(g) may be scavenged from the gas phase (Óskarsson, 
1980; Ayris et al., 2013; Delmelle et al., 2018). 
In both processes anhydrite (CaSO4) is a primary product of the reaction with SO2(g). In the 
subvolcanic environment the sulfate is further associated with sulfide ore minerals such as 
bornite and chalcopyrite forming valuable porphyry and skarn deposits (Henley et al., 2015; 
Henley et al., 2017). On volcanic ashes, salts further include other sulfates and halides 
(Rose, 1977; Óskarsson, 1980; Gislason et al., 2011; Barone et al., 2016). 
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Ayris et al. (2013) investigated the reaction between SO2(g) and glasses (tephrite, phonolite, 
dacite and rhyolite) at temperatures of up to 800 °C. Anhydrite, the predominant reaction 
product, was observed after only 30 s of reaction with a gas mixture containing 1 mol% 
SO2(g). These authors have suggested that the reaction is limited by the diffusion of Ca2+ to 
the glass surface (see also Delmelle et al., 2018). This limitation of the reaction by diffusion 
in the glass substrate has previously been observed for the formation of Na2SO4 on soda-
lime-silica glass reacted with SO2(g) (Douglas and Isard, 1949). These early experiments 
are further discussed in a review in Chapter 5 of this thesis.  
1.2.2 Other planetary bodies 
Reactions between SO2(g) and silicate materials also occur on other planetary systems in the 
solar system.  SO2(g) was likely a major gas species in past volcanic processes on Mars, 
contributing to the large amounts of sulfates on the Martian surface (Gaillard and Scaillet, 
2009; King and McLennan, 2010; Franz et al., 2018). On Venus, volcanogenic SO2(g) is 
emitted into a hot (~450 °C) atmosphere (Glaze, 1999; Vandaele et al., 2017) and on Io, 
SO2(g) is the dominant volcanic gas species (Kumar, 1985; Zolotov and Fegley, 1999; 
Zolotov and Fegley, 2000; Doute, 2002). On the Moon and Mercury the oxygen fugacities 
are below the iron-wüstite buffer (IW) (Rutherford and Papale, 2009; Zolotov et al., 2013), 
preventing abundant SO2(g) in a volcanic gas phase, even though sulfur was likely an 
important component of volcanic gases on both bodies (Saal et al., 2008; Nittler et al., 
2011). 
 
Figure 1-3: Distribution of basalts (blue) on a) Earth, b) Venus and c) Mars. Modified from 
Beatty et al. (1999). 
All terrestrial planets and the Moon have in common that their crustal surfaces to a large 
part consist of basalts (Figure 1-3; Beatty et al., 1999). For example, the surface of Mars is 
dominated by tholeiitic basalts, whereas more evolved magmatic rocks are rare, not 
identified ore missing entirely (McSween et al., 2009). The composition of the surface of 
Venus is much less well constrained. The early Russian landers of the Venera and Vega 
missions returned limited data with significant uncertainties, which suggest that large parts 
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of the planet’s surface have a basaltic composition, including tholeiitic basalts (Treiman, 
2007). Most basalts on Venus appear to be deposited as lava flows, but calculations have 
suggested that explosive eruptions, possibly including the formation of basaltic 
ignimbrites, may have been driven by SO2(g) (Glaze, 1999; Airey et al., 2015). Such 
eruptions would allow SO2(g) gas-scavenging reactions on Venusian basaltic volcanic ash, 
similar to those occurring on Earth (Figure 1-2b). On Io SO2(g)-rich eruptions are 
accompanied by hot basalts (Carr, 1986). Volcanic processes on Io include large gas rich 
plumes, basalt lava flows and pyroclastic deposits (Lopes and Spencer, 2007; Davies et al., 
2010; Williams et al., 2011). All of these processes allow extensive reactions between the 
basalts and SO2(g) at moderate to high temperatures.  
The importance of reactions between SO2(g) and rocks on Venus has been noted before, 
suggesting that this gas species may be removed from the planet’s atmosphere via gas-solid 
reactions. Fegley and Prinn (1989) investigated the reaction between SO2(g) and calcite 
(CaCO3) to form anhydrite (CaSO4) at 600 – 850 °C. The results suggested that the entire 
SO2(g) observed in the atmosphere of Venus would be removed by such a reaction in 
~1.9 x 106 years (Fegley and Prinn, 1989). Because SO2(g) is also removed by the 
interaction with ultraviolet sunlight, converting the gas to H2SO4 aerosols, the observation 
of SO2(g) in the planet’s atmosphere requires ongoing volcanogenic input of SO2(g) (Fegley 
and Prinn, 1989). Further, Fegley and Prinn (1989) also described the formation of CaSO4 
as a coating on diopside crystals reacted with SO2(g) at 833 °C. 
On Io, the S- and Na-rich surface has been suggested to be the product of extensive reaction 
of silicates with SO2(g) (Johnson and Burnett, 1993; Burnett et al., 1997). These authors 
conducted reaction experiments between SO2(g) and Na-rich glasses and rocks. The Ca/Na 
ratio in the silicate controls the formation of the sulfates, with mixtures of CaSO4 and Na-
sulfate forming where Ca/Na is high. Where Ca/Na is low only alkali-rich sulfates (Na2SO4, 
K2SO4) are observed in the coatings (Johnson and Burnett, 1993; Burnett et al., 1997). The 
reaction of a Kilauea basalt with a gas mixture of SO2(g) and O2(g) at 850 °C produced CaSO4 
and Na-Ca-Mg-sulfate with traces of K and Fe (Johnson and Burnett, 1993), whereas the 
reaction of the same basalt with pure SO2(g) at 850 °C did not form any sulfate product 
(Burnett et al., 1997).  
Finally, the reaction between SO2(g) and silicates with basaltic compositions may occur 
when large impacts mobilize both components at high temperatures, allowing their reaction 
in impact plumes. For example, the Chicxulub impact on the Yucatan Peninsula (Mexico) 
is estimated to have mobilized two orders of magnitude more SO2(g) compared to annual 
anthropogenic emissions (Sigurdsson et al., 1992; Pierazzo et al., 2003). 
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1.3 Objectives and structure of the thesis 
This PhD research aims to broaden the understanding of the reactive behavior of volcanic 
gas. For this purpose, I used a combination of approaches including Gibbs Free Energy 
minimization calculations and high temperature experiments at atmospheric pressure 
followed by a diverse range of state-of-the-art analytical methods.  
The objective of the first part of this thesis, Chapter 2, is to develop a model for the 
composition and speciation of a lunar volcanic gas. I use data on volatile concentrations in 
picritic glass beads from pyroclastic deposits sampled by the Apollo missions, termed 
orange and green glasses (Saal et al., 2008; Wetzel et al., 2015). I compare this model 
composition with a terrestrial volcanic gas from Erta Ale volcano (Zelenski et al., 2013). 
The aim is to investigate the metal transport behavior of these gases by means of 
thermochemical calculations. The calculations allow an estimation of the pressure and 
temperature conditions at which metals are transported and deposited from lunar and 
terrestrial volcanic gases. This chapter is published in Geochimica et Cosmochimica Act 
(Renggli et al., 2017) 
As outlined above, SO2(g) is a major reactive species in terrestrial volcanic gases. The 
objective of the second part of this thesis is to investigate the reactive behavior of SO2(g) 
with aluminosilicate glasses at high temperatures (600 – 800 °C). The introduction above 
has highlighted the ubiquity of basalt in planetary crusts and the likelihood of reactions 
between SO2(g) and basalts on Earth, Venus, Mars and Io. Yet, we know very little about 
reaction products, mechanisms and rates in this system. For this reason I chose the 
Anorhtite-Diopside-Albite system for experiments with simple glasses, as an Fe-free 
analogue for basalts (Morse, 1980). In addition, I have present experiments with Fe-bearing 
tholeiitic basalt glasses.  
The following questions are of importance: 
 What are the products in reactions between SO2(g) and basaltic aluminosilicate 
glasses? 
 How does the glass composition affect the gas-solid reaction? 
 How do the product coatings evolve with time? 
 What is the effect of temperature relative to the glass transition temperature? 
 What is the reaction rate controlling mechanism? 
 What is the effect of multivalent cations (e.g. Fe2+/3+) on the reaction behavior? 
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In Chapter 3 I present experimental results from reactions between SO2(g) and glasses in the 
ternary system anorthite-diopside-albite (An-Di-Ab). This system is a simple analogue for 
basalt glasses (Morse, 1980). 
In Chapter 4 I discuss the reaction of SO2(g) with tholeiitic basalt glasses and an Fe-free 
basalt glass at 700 °C based on experimental work.  
Chapter 5 is a review of experimental work on the reaction between SO2(g) and glasses. This 
chapter provides an overview of experimental work by others and puts my experimental 
observations presented in Chapters 3 and 4 into their context. This chapter is accepted for 
publication in Reviews in Mineralogy & Geochemistry (Renggli & King, 2018). 
Chapter 6 provides a brief summary of the main results of this thesis and discusses avenues 
for future work. 
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2 Volcanic gas composition, metal 
dispersion and deposition during 
explosive volcanic eruptions on the Moon 
This chapter was published in Geochimica et Cosmochimica Acta: 
Renggli C.J., King P.L., Henley R.W., Norman R.W. (2017) Volcanic gas composition, 
metal dispersion and deposition during explosive volcanic eruptions on the Moon. 
Geochimica et Cosmochimica Act, 206, 296-311. 
I developed the model for a lunar volcanic gas composition, executed the Gibbs Free 
Energy minimization calculations, assembled the figures and interpretation and wrote the 
manuscript. King, Henley and Norman contributed to the design of the model, revised and 
edited the manuscript. 
2.1 Abstract 
Transport of metals in volcanic gases on the Moon differs greatly from their transport on 
the Earth because metal speciation depends largely on gas composition, temperature, 
pressure and oxidation state. We present a new thermochemical model for the major and 
trace element composition of lunar volcanic gas during pyroclastic eruptions of picritic 
magmas calculated at 200-1500 °C and over 10-9-103 bar. Using published volatile 
component concentrations in picritic lunar glasses, we have calculated the speciation of 
major elements (H, O, C, Cl, S and F) in the coexisting volcanic gas as the eruption 
proceeds. The most abundant gases are CO, H2, H2S, COS and S2, with a transition from 
predominantly triatomic gases to diatomic gases with increasing temperatures and 
decreasing pressures. Hydrogen occurs as H2, H2S, H2S2, HCl, and HF, with H2 making up 
0.5 to 0.8 mole fractions of the total H. Water (H2O) concentrations are at trace levels, 
which implies that H-species other than H2O need to be considered in lunar melts and 
estimates of the bulk lunar composition. The Cl and S contents of the gas control metal 
chloride gas species, and sulfide gas and precipitated solid species. We calculate the 
speciation of trace metals (Zn, Ga, Cu, Pb, Ni, Fe) in the gas phase, and also the pressure 
and temperature conditions at which solids form from the gas. During initial stages of the 
eruption, elemental gases are the dominant metal species. As the gas loses heat, chloride 
and sulfide species become more abundant. Our chemical speciation model is applied to a 
lunar pyroclastic eruption model with isentropic gas decompression. The relative 
abundances of the deposited metal-bearing solids with distance from the vent are predicted 
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for slow cooling rates (< 5 °C/s). Close to a volcanic vent we predict native metals are 
deposited, whereas metal sulfides dominate with increasing distance from the vent. Finally, 
the lunar gas speciation model is compared with the speciation of a H2O-, CO2- and Cl-rich 
volcanic gas from Erta Ale volcano (Ethiopia) as an analogy for more oxidized planetary 
eruptions. In the terrestrial Cl-rich gas the metals are predominantly transported as 
chlorides, as opposed to metallic vapors and sulfides in the lunar gas. Due to the presence 
of Cl-species, metal transport is more efficient in the volcanic gas from Erta Ale compared 
to the Moon.  
2.2 Introduction 
Volcanic gases are an important medium for transporting metallic elements on planetary 
bodies. Volcanic and magmatic processes, together with impact events, mobilize metals 
and potentially concentrate them for resource utilization (Colson, 1992). On the Moon, S, 
F, Cl and a range of metals (e.g. Zn, Ga, Cu, Pb, Ni, Fe) are found coating picritic glass 
beads in pyroclastic deposits at the Apollo 17 (orange glass) and Apollo 15 (green glass) 
landing sites (Chou et al., 1975; Meyer et al., 1975; Butler and Meyer, 1976; Wasson et al., 
1976; Clanton et al., 1978; McKay and Wentworth, 1992; Hauri et al., 2015). These 
coatings were deposited from a volcanic gas during decompression and cooling of an 
eruptive plume (Meyer et al., 1975; Wasson et al., 1976). Lunar volcanic gas is likely to 
have been dominated by CO (Fegley, 1991; Fogel and Rutherford, 1995; Sutton et al., 2005; 
Rutherford and Papale, 2009; Nicholis and Rutherford, 2009; Elkins-Tanton and Grove, 
2011). The gases are expected to have been very reduced, with an oxygen fugacity ranging 
from 0.2 log units above the iron-wüstite buffer (IW) to IW -2.5 (Fogel and Rutherford, 
1995; Nicholis and Rutherford, 2009).  
Deposition of reduced sulfide minerals from volcanic gas is likely to have occurred on other 
terrestrial planets and differentiated asteroids; for example, Mercury has a high S 
abundance on the surface that may be related to sulfide mineral deposits (Blewett et al., 
2013; Nittler et al., 2014). Similarly, S-driven eruptions are ongoing on Io (Kerber et al., 
2009). The reduced lunar volcanic gas model may also be applicable to other reduced 
planetary bodies such as Vesta and other asteroids. The oxygen fugacity of Vesta is very 
similar to that of the Moon at IW-2 (Righter and Drake, 1996), suggesting that volcanic 
gases released in Vestas’ early history may have been dominated by similar gas species as 
on the Moon. Pyroclastic volcanism driven by reduced gases has been suggested for a range 
of asteroids, resulting in the loss of volatiles as well as basaltic melts on smaller bodies, 
where eruption velocities exceeded the bodies escape velocities (Wilson and Keil, 1991; 
Warren and Kallemeyn, 1992; Muenow et al., 1992; Taylor et al., 1993; Wilson and Keil, 
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1997; Goodrich et al., 2004). It is necessary to understand the composition of the volcanic 
gas because it affects trace metal transport and speciation (Symonds et al., 1987; Symonds 
et al., 1990; Symonds et al., 1992; Symonds and Reed, 1993; Wahrenberger et al., 2002). 
Therefore, gas speciation is critical for estimates of degassing and removal of trace metals 
from asteroids. Furthermore, the speciation of volatiles may affect the degree to which 
molecules such as H2 were lost from early planetary bodies such as Earth, the Moon or 
Vesta (Sharp et al., 2013). 
Major elements in the volcanic gas phase have received significant attention, but gaps 
remain in our understanding of how metals are transported in the vapor on planetary 
surfaces. Several studies have addressed volatility and speciation of metals in highly 
reduced volcanic gases with high C and S and low H concentrations, relevant to the Moon, 
Mercury and Vesta (Colson, 1992; Fegley and Swindle, 1993; Haskin et al., 1993; 
Casanova and Aulesa, 2000; Taylor and Martel, 2003; Shearer et al., 2012; Crawford, 2015; 
Bell et al., 2015). Also, transport of alkali metals and lithophile elements and their species 
(e.g, SiF4) have been examined using theoretical models for S-rich, H-poor volcanic gases 
on Io (Fegley and Zolotov, 2000; Schaefer and Fegley, 2004; Schaefer and Fegley, 2005a; 
Schaefer and Fegley, 2005b). Furthermore, observations from terrestrial volcanic gases 
indicate that they effectively redistribute and concentrate metals in the crust and on the 
surface (Symonds et al., 1990; Henley and Berger, 2013; Zelenski et al., 2013; Henley et 
al., 2015). None of these studies specifically address the transport of transition metals in 
reduced volcanic gases relevant to the Moon, nor oxidized H-rich gases relevant to Earth; 
we address both below.  
We model the speciation of metals (Zn, Ni, Pb, Ga, Cu, and Fe) within an expanding 
volcanic gas during lunar pyroclastic eruptions and gas plume formation, linking it to the 
formation of pyroclastic deposits. First, we consider the spatial scale of pyroclastic ejecta 
blankets on the Moon’s surface – also known as “dark mantle deposits” when observed 
remotely − in terms of gas expansion and particulate transport. Second, we determine the 
concentrations of major components in lunar volcanic gas based on the analysis of volatile 
elements in Apollo 17 orange glass beads (Saal et al., 2008; Wetzel et al., 2015). Our study 
differs from previous models of lunar volcanic gas which assumed a close similarity with 
terrestrial volcanic gas, but lower water concentrations (Fegley, 1991; Fegley, 1992). 
Third, in context of appropriate physical and chemical variables we estimate trace metal 
speciation and metal deposition from an explosive eruption on the Moon and compare 
predictions of the model with the observed metal coatings on lunar glass beads.  
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On Earth and probably on Mars (King and McLennan, 2010), volcanic gases are more 
oxidized and dominated by H2O, SO2, CO2 and HCl (Symonds et al., 1990; Oppenheimer 
et al., 2011; Henley and Berger, 2013). Volcanic gases sampled at the surface can be highly 
enriched in some trace elements relative to their parent magma, in particular in volatile 
chalcophile and siderophile elements (Symonds et al., 1990; Africano et al., 2002; 
Yudovskaya et al., 2008; Henley and Berger, 2013; Zelenski et al., 2013). The ability of 
volcanic gases to transport metals at high temperatures is recorded at active volcanoes in 
fumaroles and ash plumes, as well as economically significant occurrences, such as 
porphyry copper deposits (Henley et al., 2015). Thermochemical modeling of the metal 
speciation in volcanic gases from Merapi volcano (andesite; Indonesia), St. Augustine 
volcano (basaltic andesite; USA) and Mount St. Helens (andesite; USA) has shown, that 
on Earth, many metals, including Zn, Cu, Pb, Ni and Fe, are transported predominantly as 
chloride species at temperatures from 100 to 1000 °C, with lesser transport as elemental 
and sulfide species in evolved, water-rich and oxidized subduction-related systems 
(Symonds et al., 1987; Symonds et al., 1992; Symonds and Reed, 1993). Similar 
calculations for trace element transport are limited for more reduced, dry and less evolved 
systems such as might occur in extensional and intraplate tectonic settings. 
Hence, in addition to providing a model for lunar volcanic gas speciation and metal 
transport, we provide a thermodynamic model for major element and trace metal speciation 
of the volcanic gas from Erta Ale volcano, Ethiopia. This allows us to evaluate the 
thermochemical model by comparing its results with observations from gas emission at 
Erta Ale volcano (Zelenski et al., 2013; de Moor et al., 2013). Erta Ale is a basaltic shield 
volcano emitting high temperature gases (> 1000 °C) with compositions indicating little 
interaction with the overlying crust or meteoric water, making them an example of a 
primitive terrestrial basaltic gas (Hammond et al., 2011; Zelenski et al., 2013; de Moor et 
al., 2013). In comparison to subduction-related systems such as Merapi, St. Augustine and 
Mount St. Helens, Erta Ale is drier and more reduced. Relative to the lunar gas (Table 2-1), 
the Erta Ale gas has much more H2O and Cl and a much higher oxygen fugacity (fO2) at 
the fayalite-magnetite-quartz (FMQ) redox buffer (de Moor et al., 2013) which is 
equivalent to IW+3.6 at 1084 °C (Table 2-1). The terrestrial example may be applicable to 
more oxidized planets such as Mars, whereas the lunar model is applicable to more reduced 
compositions such as those inferred for the asteroid Vesta and other small solar system 
bodies (Wilson and Keil, 1991; Wilson and Keil, 1997). 
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Lunar 
gas  
Erta Ale 1084 
°C 
H 31.83 46.30 
O 15.45 42.29 
C  15.92 6.52 
Cl 0.17 0.50 
S 34.65 3.69 
F 1.98 0.70 
N 0.001 0.001 
H/C 2.00 7.11 
H/O 2.06 1.09 
H/S 0.9 12.6 
H/Cl 184.4 92.8 
O/C 0.97 6.49 
S/C 2.18 0.57 
Cl/C 0.01 0.08 
F/C 0.12 0.11 
H/(F+Cl) 14.8 38.6 
fO2 IW-2 IW+3.6 
 
Table 2-1: Compositions in mole% of the lunar volcanic gas model and composition 
of a volcanic gas from Erta Ale volcano in Ethiopia (Zelenski et al., 2013; de Moor 
et al., 2013). The gases are compared using ratios of molar abundances. The oxygen 
fugacity (fO2) is given relative to the iron-wüstite buffer (IW). The composition of 
the lunar volcanic gas at IW is given in the Appendix to Chapter 2. 
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2.3 A lunar pyroclastic eruption model 
2.3.1 Adiabatic expansion of volcanic gas 
Explosive volcanism on the Moon is recorded in the form of pyroclastic deposits sampled 
by all Apollo missions but in particular by Apollo 15 and Apollo 17 (Heiken et al., 1974; 
Arndt et al., 1984; Arndt and von Engelhardt, 1987; Elkins-Tanton et al., 2003) and dark 
mantle deposits (inferred to be pyroclastic) observed by remote sensing (McGetchin and 
Head, 1973; Head, 1976; Gaddis et al., 1985; Head and Wilson, 1992; Weitz et al., 1998; 
Head et al., 2002; Gaddis et al., 2003). Many of these deposits formed in pyroclastic 
eruptions when very low viscosity picritic melts were propelled by the expansion of 
volcanic gas (Heiken et al., 1974; Wilson and Head, 1981; Weitz et al., 1999; Nicholis and 
Rutherford, 2009). In some cases they can extend up to hundreds of kilometers in diameter, 
such as the Orientale ring dark mantle deposit (Weitz et al., 1998; Weitz et al., 1999). 
The decompression of volcanic gases during explosive eruptions is generally modeled 
adiabatically (Kieffer, 1982; Kieffer and Sturtevant, 1984; Mastin and Ghiorso, 2001), with 
constant entropy (isentropic) and constant enthalpy (isenthalpic) expansion as the 
endmember processes. During lunar volcanic activity we can assume that the atmospheric 
pressure on the Moon was at the order of 10-9 bar (Strobel and Wolven, 2001).  
In the lunar environment, the gas expanded into low pressure conditions and it did not 
require any work against a pressure because the gas expanded freely. Free isenthalpic 
expansion, also known as the Joule-Thomson process or throttling process, is described by 
Joule’s second law which states that the internal energy of a constant mass of an ideal gas 
expanding freely is only a function of temperature (Figure 2-1) (Wylen and Sonntag, 1986; 
Fegley, 2006).  
2-15 
 
In the other endmember decompression path, isentropic expansion, the temperature 
decreases during decompression because temperature and entropy are conjugate variables 
(Fegley, 2006). Isentropic expansion is a reversible process, which can be described by: 
𝑃2 = (
𝑇2
𝑇1
)
𝛾
𝛾−1 𝑃1        Equation 2-1 
where P1 and P2 are the initial and final pressures, T1 and T2 are the initial and final 
temperatures and γ is the ratio of the heat capacities at constant pressure to constant volume 
of the gas. The heat capacity ratio of ideal gases can be simplified and described as a 
function of the number of degrees of freedom (f) of the gas (𝛾 = 1 +
2
𝑓
) (Wylen and 
Sonntag, 1986). The main species of the lunar volcanic gas models, in particular at high 
temperatures and low pressures, is CO(g) as shown below and suggested previously (Fegley, 
1991; Fogel and Rutherford, 1995; Rutherford and Papale, 2009; Nicholis and Rutherford, 
Figure 2-1: (a) Lunar ballistic eruption model. The individual steps along the trajectories 
are 15 seconds apart. The cooling rate is 3 °C/s with T1 = 1450 °C and P1 = 0.1 bar. The 
pressures along the paths are calculated assuming isentropic decompression according to 
Equation 2-1 and are labelled along the trajectory with an exit angle of 75°. The exit 
velocity at the vent is 360 m/s and the maximum distance reached with an exit angle of 45° 
is 80 km. (b) Isenthalpic decompression is independent of temperature, whereas the 
isentropic decompression path shows a strong temperature gradient according to Equation 
2-1. 
2-16 
 
2009). CO(g) is a diatomic gas with a linear geometry, two rotational and three translational 
degrees of freedom (𝑓 = 5), and a heat capacity ratio of 𝛾 = 1.4.  
Here, we first assume that the eruption plume cools and decompresses isentropically 
(Figure 2-1), following the thermodynamic description of similar sized eruption plumes on 
Io (Kieffer, 1982). To determine the decompression path, we need a reasonable estimate of 
temperature and pressure of the gas at the volcanic vent (T1 and P1). The Apollo 17 orange 
and Apollo 15 green volcanic glasses have liquidus temperatures ranging from 1298 to 
1448 °C (Delano, 1990). Many glass beads have quenched without nucleating olivine or 
spinel, therefore the eruption temperature must have been at least the liquidus temperature 
(Delano, 1990; Saal et al., 2008). Thus, T1 is assumed to be 1450 °C. The pressure of 
eruption P1 is set to 0.1 bar (Figure 2-1). We chose this pressure based on observations and 
modeling of volcanic eruptions on Jupiter’s moon Io where vent pressures lie in the range 
of 0.01 to 2 bar and transient atmospheric pressures reach 10-9 bar (Kieffer, 1982; Zolotov 
and Fegley, 2001; Strobel and Wolven, 2001; Zhang et al., 2003; Zhang et al., 2004). The 
Earth’s Moon and Io are similar in several physical properties such as average radius, mass, 
volume, density, surface gravity and escape velocity. On Io, the deposits from volcanic 
plumes have diameters of up to several hundred kilometers which are similar to the dark 
ring deposits on the Moon (Weitz et al., 1998; Weitz et al., 1999; Lopes-Gautier et al., 
2000; Head et al., 2002; Zhang et al., 2003). The similarity of some plume deposit 
diameters on the two bodies also suggests similar eruption energies. Different conditions 
at the vent would result in decompression and cooling paths that are parallel to the one 
shown in the P-T space (Figure 2-1). 
In reality, an isentropic decompression and cooling path is an idealized endmember process 
(Figure 2-1). In the early stages of decompression at higher temperatures and pressures the 
eruption plume density could still be high enough so that melt drops or glass beads would 
interact physically with each other, resulting in non-isentropic friction and other dissipative 
effects. Such physical interactions of glass beads in the early stages of the eruption have 
been inferred before (Heiken et al., 1974; Elkins-Tanton et al., 2003). Above the glass 
transition temperature (e.g., Tg~720 °C for a melt with dry orange glass composition; 
calculated using (Giordano et al., 2008) the volatiles may have degassed and olivine and 
ilmenite crystallized in some of the melt droplets. These processes would also have caused 
a change of the entropy and a deviation from the isentropic decompression path towards a 
more pressure-dependent path. Nevertheless, for simplicity we consider the isentropic case 
with T1=1450 °C and P1=0.1 bar. Applying these conditions to Equation 2-1 and a diatomic 
gas with γ=1.4, the gas pressure at Tg is approximately 0.01 bar.  
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2.3.2 Calculation of a lunar ballistic eruption model 
Dark mantle deposits such as the Orientale Ring deposit with a radius of 80 km (Head et 
al., 2002) demonstrate the extensive size of some explosive volcanic eruption deposits on 
the Moon. The Orientale deposit belongs to the largest pyroclastic deposits on the Moon 
which range up to 50,000 km2 (Wilson and Head, 1981; Head et al., 2002; Gaddis et al., 
2003). Some of these very large deposits may have formed in single eruptions. We calculate 
a simple ballistic eruption model for these lunar pyroclastic eruptions, describing the flight 
paths of glass beads and the pressure and temperature evolution of the associated gas along 
the ballistic trajectories (Figure 2-1). The gravity on the Moon is a fraction of that on Earth 
with g=1.62 m/s2 resulting in much wider dispersion of pyroclastic eruption products. 
Consequently, lunar pyroclastic eruptions may have reached altitudes of tens of kilometers. 
Friction can be neglected due to the absence of an atmosphere and ballistic trajectories can 
be described as ideal parabola. In order to achieve a radius (r) of 80 km an eruption at an 
exit angle (α) of 45° requires an exit velocity (v) of ~ 360 m/s calculated from r =
[v2sin⁡(2 ∗ α)]/g. The calculated velocity is similar to velocities estimated for pyroclastic 
eruptions on other airless planetary bodies such as Mercury (Kerber et al., 2009). The 
individual steps along the trajectories shown in Figure 2-1 are 15 s apart with a cooling rate 
of 3 °C/s. This is the lowest cooling rate within a range of up to 100 °C/s that can be 
expected (Arndt and von Engelhardt, 1987; Saal et al., 2008). We chose this slow cooling 
rate because it resulted in the best fit for the concentration profiles of H, S, Cl and F in 
orange glass beads (Saal et al., 2008). The change in pressure along the trajectories was 
calculated from the temperature at the individual steps, assuming isentropic decompression 
of a diatomic gas from P1=0.1 bar and T1=1450 °C (Equation 2-1). Here we assume that 
each glass bead is surrounded by a parcel of gas with which it is in equilibrium and from 
which the metals are deposited onto the bead. Owing to the different lengths of ballistic 
trajectories as a function of the exit angles, the pressure and temperature conditions at 
which the trajectories end vary from ~200 °C and 10-5 bar at an exit angle of 75°, to 820 
°C and 10-2 bar at an exit angle of 30° (Figure 2-1). Higher exit angles result in longer flight 
paths that terminate at lower temperatures and pressures. 
2.4 Calculation of lunar volcanic gas composition 
2.4.1 Major components 
Concentration profiles of volatiles in lunar volcanic glass beads provide constraints on their 
concentrations before diffusive degassing and volatile loss (Saal et al., 2008; Wetzel et al., 
2015; Chen et al., 2015). Here we use H2O, S, F, Cl (Saal et al., 2008) and C (Wetzel et al., 
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2015) in Apollo 17 orange glass beads to calculate a model for the major element 
composition of a lunar volcanic gas in pyroclastic eruptions using the maximum loss from 
diffusive degassing as the bulk composition. 
Saal et al. (2008) modeled hydrogen loss from lunar glass beads assuming diffusion as H2O 
resulting in H2O-rich calculated gas compositions (92.99 wt.%), followed by F (6.36 wt.%), 
S (0.61 wt.%) and Cl (0.03 wt.%) (Table 2-1). The measured H/C ratios in orange glasses 
are between 2 and 3 (Wetzel et al., 2015). The estimated carbon content of undegassed 
lunar melt is in the same range as that of terrestrial primitive mid-ocean ridge basalts (Saal 
et al., 2002; Wetzel et al., 2015). Both C and H2O are degassed by more than 95% by the 
end of the volatile-loss in the conduit and at early stages of the eruption (Saal et al., 2008; 
Wetzel et al., 2015). Therefore, the resulting gas phase, by the end of degassing, has a ratio 
of H/C near that of the undegassed melt near H/C = 2. For simplification we assume that 
all volatiles were exsolved from the magma prior to the exit from the vent (Figure 2-1), and 
this establishes the initial bulk composition of the lunar volcanic gas. Here, we do not 
consider processes that occurred in the vent. These processes may have included non-
simultaneous degassing of different volatiles (Wetzel et al., 2015; McCanta et al., 2017) or 
separation of gas and melt (Wilson, 2003; Wilson and Head, 2017). We then adjust the 
oxygen content of the model lunar volcanic gas to match an fO2 to IW-2 at 1450 °C and 1 
bar (Fogel and Rutherford, 1995; Nicholis and Rutherford, 2009). This oxygen fugacity 
value falls within the suggested range of IW-2.5 to IW+0.2 (Fogel and Rutherford, 1995; 
Nicholis and Rutherford, 2009). For comparison, and to model the possible effects of 
oxidation (e.g., Wetzel et al., 2015), we have also calculated the volcanic gas and metal 
speciation at the IW buffer at 1 bar and 10-6 bar and 500 – 1500 °C (Appendix).  
The obtained concentrations were normalized to 100 mole%. The resulting composition 
(Table 2-1) was used as input in a Gibbs Free Energy minimization calculation using the 
software HSC8 (Roine, 2015) with 49 gas species (Appendix to Chapter 2) to calculate gas 
speciation. The C-O-H-F-Cl-S species were chosen based on preliminary calculations 
excluding other species, which had concentrations far below 10-30 mole fractions. All 
thermochemical calculations were made using the Kelvin temperature scale. The complete 
results of the thermochemical calculations are reported in the Appendix to Chapter 2.  
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Figure 2-2: Gas speciation of major elements of the lunar volcanic gas at (a) 10-6 bar, (b) 
1 bar and (c) the Erta Ale gas at 1 bar at temperatures from 500 to 1500 °C. The lunar 
volcanic gas is dominated by CO, S2, H2, H2S, CS2 and COS, where triatomic molecules 
are replaced by diatomic molecules at high temperatures and low pressures. The Erta Ale 
gas shown was sampled at 1084 °C (Zelenski et al., 2013). 
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At 1 bar the dominant gas species are CO, S2 and H2, followed by H2S and COS below 
800 °C. At 10-6 bar CO, S2 and H2 are the dominant gas species from 500 to 1500 °C (Figure 
2-2). The most abundant S species at both pressure conditions is S2 followed by H2S and 
CS2 at 10-6 bar and COS and H2S at 1 bar (Figure 2-2). Hydrogen occurs primarily as H2, 
H2S and most Cl and F are bound to HCl and HF. Generally, triatomic gas species are 
replaced by diatomic and monoatomic species as either pressure decreases or temperature 
decreases. For example, H2S, COS and CO2 are replaced by S2, CO and H2 following: 
2𝐻2𝑆 + 2𝐶𝑂𝑆 + 𝐶𝑂2
ℎ𝑖𝑔ℎ𝑒𝑟⁡𝑇⁡𝑜𝑟⁡
𝑙𝑜𝑤𝑒𝑟⁡𝑃
→        2𝑆2 + 3𝐶𝑂 + 2𝐻2   Equation 2-2 
At IW, the same major gas species dominate (i.e., H2, CO and S2) as indicated in the 
Appendix. As expected, the relative proportions of some of the oxidized species (CO2, H2O, 
SO2 and SO) are higher at IW relative to IW-2. This effect is most pronounced at low 
pressure and depends on temperature. 
2.4.2 Metal speciation 
To calculate the speciation, transport and deposition conditions of the metals found in 
coatings on lunar glass beads, we added 0.001 mole% of Zn, Ni, Pb, Ga, Cu and Fe to the 
initial bulk gas composition (Table 2-1). This low concentration of metals is insufficient to 
deplete Cl, F and S contents which are orders of magnitude more abundant. The metals are 
included as elemental metallic gases, as well as gas and solid compounds with S, Cl, O and 
F (Appendix to Chapter 2). Carbon-bearing metal species were omitted since they were 
below 10-30 moles. All solids are modeled as pure endmember phases. The main property 
controlling metal transport in the gas phase is the vapor pressure of the individual species, 
which correlates positively with temperature (Thomson, 1946), resulting in the greatest 
pure metal gas species concentrations at the highest temperatures. The speciation of all 
metals at 10-6 bar in the lunar volcanic gas and at 1 bar in the Erta Ale gas are shown in 
Figure 2-3 and Figure 2-4 respectively, to show the pressure dependence of the speciation 
and put it into context with more familiar terrestrial conditions. Metal speciation in the 
lunar volcanic gas at 1 bar and in the Erta Ale gas at 10-6 bar are shown in the Appendix to 
Chapter 2 for comparison. At 10-6 bar in the lunar system Ni, Cu and Fe form predominantly 
solid species, whereas Zn, Ga and Pb are primarily in the gas phase above 750, 900 and 
600 °C respectively (Figure 2-3). 
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Figure 2-3: Metal speciation of (a) Zn, (b) Ni, (c) Ga, (d) Pb, (e) Cu and (f) Fe in the gas 
(stippled lines) and solid phase (solid lines) in the lunar volcanic gas at 10-6 bar and from 
500 to 1500 °C. 
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Figure 2-4: Metal speciation of (a) Zn, (b) Ni, (c) Ga, (d) Pb, (e) Cu and (f) Fe in the Erta 
Ale gas at 1 bar and from 500 to 1500 °C. Stippled lines show species in the gas phase and 
solid lines show species in the solid phase. 
In the S-rich lunar gas, the metal-sulfide solids are the most abundant phases of all metal-
bearing solids except at higher temperatures where the elemental metals become more 
abundant (Cu > 600 °C, Ni and Pb > 800 °C and Fe > 1100 °C) (Figure 2-3). At 1 bar, 
sulfides are the predominant solid metal phases over the entire temperature range modeled, 
except for Cu which occurs as an elemental metal above 1300 °C. In contrast, the other 
metal-bearing solids (elemental metals and metal halides) have much lower concentrations 
(Xm < 10-6) at 10-6 bar and below 10-3 mole fractions at 1 bar. The temperature at which 
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elemental metals replace metal sulfides depends on pressure as well as the gas composition. 
For example, Cu changes its speciation in the lunar gas from sulfide to elemental Cu at 10-6 
bar at 580 °C and at 1 bar at 1220 °C. In the Erta Ale gas this transition occurs below 
500 °C at 10-6 bar and at 820 °C at 1 bar because of the lower S content of the Erta Ale gas.  
The speciation of metals in the lunar gas phase varies considerably. In particular, chloride 
gas species are important for the transport of Ga, Cu, Fe and Pb. Gallium is transported 
mainly as GaCl(g), GaCl2(g) and GaCl3(g) except at high temperatures (> 1300 °C) at very 
low pressures (e.g. 10-6 bar) where elemental Ga(g) dominates. At such high temperatures 
and low pressures, the metal gas speciation follows a trend similar to the non-metal gas 
from multiatomic molecules to monoatomic elemental metal gas (i.e. Ga(g)). In the case of 
Fe and Cu, the metal chloride species are important only at lower temperature and pressure 
conditions. For example, Fe chlorides (FeCl(g), FeCl2(g), FeCl3(g), Fe2Cl4(g) and Fe2Cl6(g)) are 
the dominant gas phase at 10-6 bar below 900 °C, whereas they are the dominant species at 
1 bar from 700 to 1500 °C, and replaced by fluoride species below 700 °C. Fe seems to be 
more dependent on the differences in the gas compositions with the Fe content in the gas 
phase strongly controlled by the abundance of Cl in the bulk gas composition. 
These calculations also imply that in a lunar volcanic gas the sum of Pb species is more 
volatile than Zn, despite the lower vapor pressure (Pvap) of Pb metal (Lide, 2010). At 1 bar, 
Pb gas species decrease in concentration from sulfide to metal, oxide, chloride and fluoride. 
In the lunar gas at 1 bar and temperatures above 1400 °C, Pb is mostly in the gas phase and 
the gas fraction remains > 0.1 down to 1100 °C. In the Erta Ale gas, Pb is less volatile 
above 1200 °C with a lower abundance of sulfide gas species but a higher abundance of 
chloride gas species. Lead changes its speciation from PbCl(g) and PbCl2(g) to PbCl4(g) at 1 
bar below 800 °C (Figure 2-4), resulting in the increasing volatility shown in Figure 2-5. 
Similarly, Ga occurs as GaCl(g) at 10-6 bar with decreasing concentrations below 800 °C 
and above 1300 °C and at 1 bar above 1000 °C. At 1 bar below 1000 °C GaCl3(g) surpasses 
GaCl(g). More generally for all metallic elements, the sulfide and chloride species in the 
solid as well as the gas phase become less stable towards higher temperatures and lower 
pressures in favour of elemental metal species.  
Calculations undertaken at both IW and IW-2 (at 10-6 and 1 bar), indicate that the same 
metal species dominate. A few differences exist as documented in the Appendix. At IW, 
the calculated concentrations of ZnO, NiO, NiO(g), PbO(g), FeO and FeO(g) exceed 10-6 mole 
fractions, compared to IW-2 where they are always below 10-6 mole fractions. Iron shows 
the greatest response to oxidation with FeO reaching ~10-1 mole fractions at 1200 °C and 
10-6 bar. 
2-24 
 
 
Figure 2-5: Temperature conditions at which metal species are predominantly in the gas 
phase (∑𝑀(𝑔)/∑𝑀(𝑠) > 1) and in the solid phase (∑𝑀(𝑔)/∑𝑀(𝑠) < 1). The ratio is an 
expression of the relative volatilities of the metals in the volcanic gases. Lunar volcanic 
gas at (a) 10-6 bar and (b) 1 bar, (c) Erta Ale volcanic gas at 1 bar. 
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2.4.3 Metal distribution between the gas and solid phase 
In order to allow a better comparison of the distribution of the metals between the deposited 
solid phase and the gas phase we summarize all species of a particular metal into one 
property, which is the molar ratio between the sums of all gas species of the metals to the 
sums of all metal-bearing solids: 
∑𝑀(𝑔)/∑𝑀(𝑠)        Equation 2-3 
This distribution is shown for all metals in the modeled lunar gas at 10-6 and 1 bar in Figure 
2-5. When ∑𝑀(𝑔)/∑𝑀(𝑠) > 1, more than half of the metal (on a mole fraction basis) is in 
the gas phase, and when ∑𝑀(𝑔)/∑𝑀(𝑠) < 1, the metal is predominantly deposited. As 
indicated above, the main factor influencing metal speciation in the gas phase is the vapor 
pressure of the individual metals, which depends both on pressure and temperature. The 
temperatures at which the metals have a vapor pressure of 1 bar are 917 °C (Zn), 1754 °C 
(Pb), 2245 °C (Ga), 2563 °C (Cu), 2859 °C (Fe) and 2911 °C (Ni) (Lide, 2010). This 
sequence of metals is only observed in the lunar gas system at 10-6 bar at temperatures 
above 1000 °C. Below this temperature and at higher pressures the sequence differs with 
Pb being more abundant in the gas phase than Zn due to the stability of Pb-Cl species (see 
3.2. for details on Pb speciation).  
The pressure and temperature conditions at which equal amounts of metals are in the gas 
phase and in the solid phase (∑M(g) ∑M(s) = 1⁄ ) are shown in Figure 2-6. For the more 
refractory metals such as Cu, Fe and Ni, this condition requires much higher temperatures 
(> 900 °C) at 10-6 bar. Lead, Zn and Ga can exist in the vapor phase at very low pressures 
(< 10-6) even at temperatures below 700 °C. Despite its lower vapor pressure (Pvap), Pb is 
more prevalent at higher pressures and lower temperatures than Zn because Pb has 
abundant sulfide and chloride species in the gas phase over most of the pressure and 
temperature range. The isentropic and isenthalpic gas expansion paths (introduced in 
section 2.1) are also shown in Figure 2-6 and show an envelope of potential pressure and 
temperature paths. Along a potential decompression and cooling path close to the ideal 
isentropic path only Zn and Pb would be mostly in the gas phase and all other metals would 
predominantly remain in the condensed phase. 
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Figure 2-6: Pressure and temperature conditions at which equal amounts of metals are in 
the gas phase and in the solid phase (∑𝑀(𝑔)/∑𝑀(𝑠) = 1). (a) Lunar volcanic gas. A real 
lunar decompression path is expected to be in between the isentropic and isenthalpic paths 
with initial fast expansion followed by isentropic decompression and cooling as the gas 
expands to lower pressures and temperatures, as indicated by the shaded area. (b) Erta 
Ale volcanic gas. The isentropic and isenthalpic adiabatic decompression and cooling 
paths are shown for an ideal diatomic gas according to Equation 2-1. 
2.5 Discussion 
2.5.1 Bulk volcanic gas composition 
We have shown that the speciation of a lunar volcanic gas is strongly dependent on 
temperature and pressure. By comparison with previous lunar volcanic gas models (Fegley, 
1991; Fegley, 1992), the absence of chlorofluorocarbon species, such as CCl4, CF4, CClF3 
or CCl2F2, as well as more complex S species (SCl2, S2Cl or S2Cl2) is striking. All these 
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species are included in our model (Appendix to Chapter 2) but their calculated 
concentrations are well below 10-7 mole fractions. These differences arise because first, the 
Cl and F concentrations measured in the orange glass beads (Saal et al., 2008) are very low 
resulting in H/(Cl+F) > 1 compared to 0.001 in the model by Fegley (1992). Second, the 
thermochemical model predicts that large molecules with more than three atoms are 
unstable at very low pressures (< 10-3 bar). The difference in the bulk gas composition is 
important, as the availability of halogens affects the degree at which metals are transported 
in the gas phase, and the formation of chlorofluorocarbon species. 
Both our model and those by Fegley (1992) necessarily made assumptions to define a bulk 
composition for the gas phase. We determined the H, S, F and Cl contents based on 
calculated loss of volatiles from lunar orange glass beads (Saal et al., 2008), C was based 
on H/C = 2 (Wetzel et al., 2015) and O was fixed assuming an fO2 of IW-2 (or IW in the 
Appendix to Chapter 2). We do not account for the relative solubilities of the different gas 
species in the melt at different pressures and temperatures; in other words we model a time-
integrated bulk composition. We recognize that the gas is likely to change in composition 
during ascent in the conduit. Nonetheless, we consider that the assumptions are valid 
because the lunar magma ascended rapidly (Wilson and Head, 2017) allowing vigorous 
mixing of gas, melt and crystals, and the low H content would have enhanced partitioning 
of C-O species into the gas phase (e.g.(King and Holloway, 2002). 
2.5.2 Metal transport and deposition from lunar volcanic gas 
Trace metals transported and deposited from lunar volcanic gas change their speciation 
considerably over the temperature and pressure range expected in pyroclastic eruption 
plumes on the Moon. Thermochemical modeling of metal speciation predicts that, when 
the volcanic gas cools and expands into the near vacuum on the Moon, metals deposit from 
the gas and coat pyroclastic glass beads at different pressures and temperatures depending 
on the metal (Figure 2-3). For example, more than 50 % of Ni is deposited at 10-6 bar and 
1380 °C. Zn is more volatile and at 10-6 bar more than 50 % is still in the gas phase below 
800 °C.  
The speciation in the gas phase varies among the different metals including elemental metal 
vapors (Zn, Fe, Ni), sulfides (Pb, Ni) and chlorides (Ga, Pb, Cu) (Figure 2-3). This requires 
a change of speciation during the deposition process, because the speciation is different in 
the solid phase. For example, Zn(g) has to react with a S gas species in order to form the 
deposited ZnS. At 10-6 bar Ga is in the gas phase as chloride species between 900 and 
1350 °C and the deposited species below 900 °C are sulfides requiring reactions during the 
transition from gas phase Ga chlorides to solid phase Ga sulfides.  
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In section 2.2, we introduced a ballistic eruption model for lunar pyroclastic eruptions 
(Figure 2-1). We assumed a cooling rate of 3 °C/s and isentropic decompression according 
to Equation 3-1. The pressure and temperature conditions at which the ballistic trajectories 
terminate were shown to be strongly dependent on the flight path lengths as functions of 
the exit angles (Figure 2-1 and Figure 2-7). The strong pressure and temperature 
dependence of the metal speciation in the gas and solid phase, as well as the conditions of 
deposition of the metals onto glass beads, as demonstrated above, suggest that the 
distribution of metals and their species may vary across deposits formed by such pyroclastic 
eruptions. As the trajectories terminate at different pressure and temperature conditions, 
when they are removed from the gas plume, the speciation of deposited metal-bearing 
solids varies accordingly. Long pathways with high exit angles that terminate at low 
temperatures and pressures (Figure 2-1) produce considerably higher ratios of sulfides to 
other solid species (Figure 2-7). For example, for exit angles > 60° the ratio of NiS to other 
Ni solids is > 109. Coatings formed at termination of short trajectories with low exit angles 
have a much lower ratio of sulfides to other solid species (<102). The model predicts that 
glass bead coatings formed at higher temperatures and pressures will be richer in elemental 
metals compared to coatings deposited at lower temperatures.  
The dependence of metal coating speciation on the exit angles and flight paths predict 
heterogeneous speciations of glass beads sampled from deposits of a single pyroclastic 
eruption. For example, the trajectories in Figure 2-2 with 30° and 60° exit angle both 
terminate at a distance of close to 70 km, but the temperature and pressure conditions at 
which the two paths terminate are 820 °C (above Tg) and 10-2 bar after 220 s for the 30° 
exit angle and 300 °C and 10-4 bar after 390 s for the 60° exit angle. Initially deposited glass 
beads (30° exit angle) will have coatings with few mole % of elemental metals. These 
deposits are subsequently covered by glass beads with longer flightpaths (60° exit angle) 
coated almost entirely by sulfides (ratio of sulfides to other metal-bearing solids larger than 
106). The resulting deposits with glass beads coated with varying amounts of elemental 
metals could alternatively have been interpreted to originate from different pyroclastic 
eruptions propelled by volcanic gases with different compositions. 
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Figure 2-7: The temperatures and associated metal speciation at the terminations of the 
ballistic eruption trajectories (Figure 2-1) vary according to the exit angles of the 
trajectories. The ratios of sulfides to other metal species in the deposited metals are shown 
for Zn, Pb and Ni, indicating a strong dominance of sulfides towards lower temperatures. 
In the case of higher cooling rates, the temperature drops quickly along trajectories 
irrespective of exit angle. For example, if the cooling rate is 100 °C/s the temperatures at 
the terminations of all trajectories are far below 0 °C resulting in no variation in the 
speciation of metal-bearing glass bead coatings. Consequently, we predict that the cooling 
rate of the gas and the transported glass beads in a lunar pyroclastic eruption has a major 
impact on the speciation of metals in lunar volcanic gases and their distribution in deposits 
across pyroclastic dark mantle deposits on the Moon.  
Here, we compare our model of the metal species in the gas phase with previous work on 
lunar gas speciation. Also, we compare our predicted metal-bearing solids with published 
observations of coatings on lunar pyroclastic glass beads. At eruption temperatures of more 
than 1400 °C and low pressures (10-6 bar) all metals are in the gas phase as metallic species. 
Zn(g) is the dominant Zn-gas species at all conditions for which we have calculated the 
speciation. This is contrary to previous assumptions that Zn is predominantly transported 
as ZnCl2(g), due to its lower vapor pressure (Chou et al., 1975; Meyer et al., 1975; Wasson 
et al., 1976; Paniello et al., 2012). That assumption was made without performing Gibbs 
Free Energy minimization calculations at lunar conditions, as we present them here. 
Chloride species are important for the transport of metals (e.g. GaClx, CuClx and FexCly) at 
higher pressures (> 10-3 bar) over the entire temperature range, and at lower pressures (10-
6 bar) limited to lower temperatures (< 1000 °C) (Figure 2-3). Importantly, Zn and Cu are 
not always transported as similar species. Cu also occurs as Cu2(g) and CuClx(g), as assumed 
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previously (Moynier et al., 2006), but Zn predominantly occurs as Zn(g) (Figure 2-3). This 
affects relative volatilities of these two metals, and as they travel as molecules with 
different masses the speciation results in different isotopic fractionation (Moynier et al., 
2006; Paniello et al., 2012). 
Our calculations for the deposited metal-bearing solids are in good agreement with 
observations. For example, Zn occurs predominantly as ZnS in coatings on lunar glass 
beads (Butler and Meyer, 1976; Wasson et al., 1976; Butler, 1978; Cirlin and Housley, 
1979; Wentworth et al., 2008). Sulfides of Ni and Cu are suggested to occur on the glass 
beads (Butler and Meyer, 1976). This is in accordance with our predictions, but only if the 
sulfides are deposited at pressures > 10-3 bar, because pure metals dominate at lower 
pressures. For example, at 10-6 bar, metallic Cu is the most abundant solid species above 
600 °C, and metallic Ni is the main solid species above 800 °C (Figure 2-3). Depending on 
the cooling and decompression path of the gas, sulfides will be more or less abundant. If 
the system cools and decompresses isentropically, we expect that sulfides are the dominant 
species of Ni, Zn, Pb and Cu (Figure 2-3). Iron has been observed as a sulfide (Butler and 
Meyer, 1976; Wasson et al., 1976) and has also been observed as metallic Fe (Clanton et 
al., 1978; Wentworth et al., 2008; McKay et al., 2010; Thomas-Keprta et al., 2014). Both 
of these solid Fe species form according to our model, but we would expect a higher 
abundance of sulfides if the decompression occurs isentropically. The deposition of 
metallic Fe requires a higher pressure dependence of the decompression path and a 
relatively lower cooling rate, closer to an isenthalpic path. We expect that most lunar 
volcanic gas cooling and decompression paths are in between the purely isentropic and 
isenthalpic paths, allowing the deposition of Fe sulfides as well as metallic Fe. For example, 
a more realistic path may begin with isenthalpic decompression, followed by purely 
isentropic cooling and decompression (Figure 2-6). In this scenario, metallic Fe would be 
deposited at low pressures and high temperatures during the early stages of isenthalpic 
cooling (e.g. 10-6 bar and > 1000 °C) and close to the vent, followed by the deposition of 
Fe sulfides along the isentropic cooling path towards lower temperatures (< 1000 °C) 
(Figure 2-3). 
In summary, metals deposited near the eruption temperature (1450 °C) occur as metallic 
species, whereas further along the cooling and decompression path (Figure 2-3 and Figure 
2-7) sulfides become dominant. We expect glass beads dropped from the pyroclastic cloud 
after short flight trajectories (Figure 2-1) to be mainly coated with metallic species, whereas 
beads with longer trajectories are more likely to be coated with sulfides. Sulfur in the form 
of sulfides from lunar pyroclastic deposits as a resource for construction materials 
(Casanova and Aulesa, 2000) might be expected far away from a volcanic vent on the 
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surface of the moon. On the other hand, native metals, of interest as potential resources 
(Haskin et al., 1993; Taylor and Martel, 2003), are concentrated near the volcanic vents. It 
is tempting to use our model to predict the distribution of deposited metals around volcanic 
vents on the Moon because this would inform in situ resource utilization (ISRU). However, 
we would need better constraints on the distance from the vent, the cooling path, the 
eruption energy and geometry (Figure 2-1), as well as the total abundance of metals 
transported and deposited. 
2.5.3 Comparison with terrestrial volcanic gas 
The Erta Ale volcanic gas represents a modern terrestrial basaltic volcanic gas. The 
composition of the Erta Ale gas is shown in Table 2-1, as sampled at 1084 °C (Zelenski et 
al., 2013; de Moor et al., 2013). The H/C ratio for Erta Ale gas is 7.11, reflecting its higher 
water content, compared to 2 for the lunar gas. Erta Ale also has a much higher oxygen 
fugacity estimate and Cl content compared to the lunar gas. The calculated speciation of 
the Erta Ale and lunar volcanic gases at 1 bar and 10-6 bar over temperatures from 500 to 
1500 °C is shown in Figure 2-2. The Erta Ale gas has the species distribution of H2O 
(0.653), CO2 (0.187), SO2 (0.106), HF (0.021), HCl (0.015), H2 (0.008), CO (0.005) and 
H2S (0.0015) at 1084 °C and 1 bar in mole fractions.  
Nickel and Cu in the gas are the metals that are least affected by the bulk gas composition 
and fO2 when comparing the lunar and Erta Ale gases (Figure 2-3, Figure 2-4 and 
Appendix). At 10-6 bar, the metals behave in both gases in a similar manner. The higher Cl 
content of the Erta Ale gas stabilizes volatile metal chloride gases such as Pb, Zn and Fe. 
The Pb-Cl concentrations in the gas phase increase towards lower temperatures below 
800 °C in the Erta Ale system, apparently because PbCl4(g) is stable at lower temperatures 
and 1 bar pressure (Figure 2-4). Over the entire temperature range, from 500 to 1500 °C, 
Ni, Fe, Cu, Zn and Ga are more enriched in the gas phase at 1 bar in the Erta Ale system 
compared to the lunar volcanic gas (Figure 2-5 and Figure 2-6). The high Cl concentration 
in the Erta Ale system increases the metal volatilities relative to the lunar volcanic gas. In 
the Erta Ale system, the iron fluoride concentrations are nearly independent of temperature. 
Copper chlorides are the dominant Cu gas species at 1 bar below 1450 °C, but only below 
750 °C at 10-6 bar in the lunar gas. At the sampling conditions of the gas (1084 °C, 1 bar), 
Pb is the most volatile of the metals studied here. The equilibrium mole fractions of the 
total of each metal in the gas phase (Xmetalg) at these conditions are XPbg = 6.6*10-2, XGag = 
10-2, XZng = 2.6*10-3, XFeg = 1.4*10-4, XCug = 1.8*10-4 and XNig = 7.7*10-6. The dominant 
solid species in equilibrium with this gas are sulfides for Zn, Ni, Ga and Pb. Copper occurs 
as an elemental metal above 820 °C and Fe as oxides above 920 °C. Below these 
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temperatures the sulfides are the dominant species of Cu and Fe as well (Appendix to 
Chapter 2). In comparison, all deposited metal-bearing solids occur as sulfides in the lunar 
gas at these conditions and the concentrations of the other species are several orders of 
magnitudes lower. 
Our thermochemical modeling extends to much higher temperatures and a larger pressure 
range than previous speciation calculations of metals in terrestrial volcanic gases from 
dominantly intermediate composition volcanoes (Symonds et al., 1987; Symonds et al., 
1992). Volcanic gases modeled previously, from St. Augustine volcano (Symonds et al., 
1992) and Merapi volcano (Symonds et al., 1987), have much higher water concentrations 
(0.9 mole fractions) compared to Erta Ale volcano (0.65 mole fractions). Within the 
overlapping temperature range (500 – 1060 °C) we observe similar metal speciation, but 
the temperatures at which the dominant species change depend on the composition of the 
volcanic gas. For example, in the Erta Ale gas, we predict that the dominant Zn gas species 
are chlorides (ZnCl2(g) in particular) below 1100 °C and Zn(g) above. In the Merapi volcanic 
gas, this transition is predicted to occur at ~1000 °C (Symonds et al., 1987) and in St. 
Augustine volcanic gases at T >> 1060 °C (Symonds et al., 1992). Our observation of 
increasing Pb transport below 700 °C, due to the stability of PbCl4(g), is also in agreement 
with previous modeling (Symonds et al., 1987).  
Trace elements in Erta Ale volcanic gas have high concentrations and have been sampled 
with different methods (Zelenski et al., 2013). Metals deposited at temperatures >1000 °C 
include oxides and silicates, followed by sulfides, sulfates and halides towards lower 
temperatures (Zelenski et al., 2013). This trend agrees well with our speciation calculations 
of the deposited metals in the Erta Ale volcanic gas. The dominant metal-bearing solids of 
Fe, Zn and Ga above 1000 °C are oxides, followed by sulfides. Chloride and fluoride 
species increase in abundance below 800 °C, but they only become the dominant species 
below 500 °C, outside our modeled temperature range. We predict Pb, Ni and Cu to be 
deposited as elemental metals above 1000 °C, but these phases were not observed by 
Zelenski et al. (2013), perhaps due to very low abundances in the bulk gas composition. 
Our calculations do not consider mixing between the volcanic gas and the ambient 
atmosphere. An adaptation of our model to include mixing with the atmosphere, a wider 
range of metals, and the use of metal concentrations reported for Erta Ale (Zelenski et al., 
2013) may address these differences in the future. 
2.5.4 Hydrogen speciation and implications for water on the Moon 
Our models show that the most abundant hydrogen species in the lunar volcanic gas is H2. 
Abundances of other H-bearing species (HF, HCl and H2S) (Figure 2-2) are much higher 
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in the lunar volcanic gas than those of H2O. Likewise, H-species other than H2O are also 
important in the associated lunar melt and as diffusing species during degassing 
(Hirschmann et al., 2012; Armstrong et al., 2015; Newcombe et al., 2017). Given that the 
degassing profiles observed in lunar glass beads were modeled as H2O (Saal et al., 2008), 
these models may require a re-evaluation. Specifically, H2 in silicate melts and glasses 
diffuses much faster than H2O, OH, HF, HCl and H2S (Alletti et al., 2007; Zhang, 2011; 
Hirschmann et al., 2012; Saal et al., 2013; Sharp et al., 2013; Armstrong et al., 2015; 
Newcombe et al., 2017). Therefore, if some of the hydrogen was lost as fast diffusing H2, 
the estimated initial H-abundance in the orange glass beads, and lunar bulk H-contents, 
may have been underestimated (Saal et al., 2008; Elkins-Tanton and Grove, 2011). In the 
C-O-H system H2 become the dominant species (Newcombe et al., 2017), but in the 
presence of S, F and Cl a large proportion of the hydrogen forms H2S, HF and HCl (Figure 
2-2), resulting in similar abundances of CO and H2. A better understanding of H-speciation, 
including an extended range of species such as those abundant in our volcanic gas model, 
is necessary to constrain the rate of degassing and the resulting composition of the bulk 
lunar volcanic gas. The high abundance of H2, HF, HCl and H2S suggests that the terms 
“wet”, “damp” or “dry” may be misleading, given the inferred relative H2O abundance. We 
therefore believe that it may be more appropriate to refer to hydrogen abundance rather 
than H2O or water, as previously suggested by Zhang (2011). 
If, as we suggest, H2 is the dominant H species in both volcanic gas and melt this has 
significant implications for the Moon’s bulk composition and how the interior varies in 
volatile concentrations. Explanations of volatile retention through the proposed giant 
impact process may need revision, and both the speciation and concentration of volatiles 
need to be incorporated into petrologic and geophysical models. For example, on Earth, 
volatiles affect properties of the mantle; separation of the core; the geochemistry and 
melting zones for basalts; fractional crystallization trends for mantle-derived magmas; and 
degassing on a planet's surface. 
The importance of H2 degassing resulting in high δD values has been stated before 
(Demény et al., 2006; Greenwood et al., 2011; Barnes et al., 2013; Saal et al., 2013; Sharp 
et al., 2013). In contrast, the presence of heavier hydrogen molecules such as HF, HCl and 
H2S may reduce the rate of hydrogen loss from planetary bodies to space. This would 
reduce the degree to which H2 loss can increase the oxygen fugacity and δD values (Sharp 
et al., 2013).  
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2.6 Conclusions 
The composition and speciation of a lunar volcanic gas was calculated by applying volatile 
element concentrations in lunar pyroclastic glass beads (Saal et al., 2008; Wetzel et al., 
2015). The gas composition was further used to model the speciation of trace elements 
abundant in coatings of lunar pyroclastic glass beads (Zn, Ni, Ga, Pb, Cu, Fe). The 
speciation varies with temperature and more extensively with pressure. The main gas 
species predicted by our models are CO, CO2, CS2, H2, HF, HCl, COS, CS, S2, H2S, H2S2 
and HS.  
The total amount of hydrogen occurring as H2 in the lunar gas ranges from 0.5 mole 
fractions to 0.85 mole fractions along the decompression and cooling path. The 
concentration of H2O is more than five orders of magnitude lower than that of H2. The 
significant concentrations of H2, HF, HCl, H2S and H2S2 indicate that when modeling H-
degassing from lunar glass beads they need to be included. Omission of these species in 
previous models means that the bulk H-concentration on the Moon may be underestimated. 
Furthermore, it may be more appropriate to discuss H-species rather than specifically water 
as H2O. 
Trace metals are transported from the vent in the gas as elemental species, sulfides and 
chlorides. Most metals are largely deposited as sulfides, as observed in coatings of lunar 
pyroclastic glass beads (McKay and Wentworth, 1992). We predict variations of the 
speciation of metal-bearing solids deposited on these glass beads as a function of the 
temperature and pressure of deposition and therefore expect variations as a function of the 
distance from volcanic vents on the lunar surface. We expect native metals to be deposited 
close to the volcanic vents and with increasing distance from the vent sulfide abundances 
increase.  
The lunar volcanic gas model was compared to a volcanic gas from the terrestrial Erta Ale 
volcanic. The models predict a higher abundance of metal gas species in the Erta Ale 
system than in the lunar gas. The metals are less volatile in the lunar gas, depositing at 
much higher temperatures than in the terrestrial system.  
Sampling of dark mantle deposits on the Moon in relation to the source vents of the deposits 
would allow a better estimation of metal and volatile abundances in the lunar mantle 
sources of these magmas, and the temperature and pressure evolution of ancient lunar 
pyroclastic eruptions. Furthermore, additional work is required on detailed quantitative 
investigations of the mineralogy of the phases present in coatings of lunar glass beads from 
Apollo 15 and Apollo 17 in order to reliably ground truth the thermochemical model.  
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3 An experimental study of SO2 reactions 
with silicate glasses and supercooled 
melts in the system anorthite-diopside-
albite at high temperature 
This chapter is in preparation for publication in Contributions to Mineralogy and 
Geochemistry. 
Renggli C.J., King P.L., Henley R.W., Guagliardo P., McMorrow L., Turner M., 
Middleton J. 
I conceptualized, prepared and conducted the experiments, performed the data analysis and 
wrote the manuscript. King and Henley contributed to the experimental objectives and 
design, edited and corrected the manuscript. Guagliardo assisted in the recording of 
nanoSIMS maps, NcMorrow helped with the solution ICP-MS analysis, Turner recorded 
X-ray tomography images, and Middleton helped with the evaluation of the tomography 
data. 
3.1 Abstract 
Sulfur dioxide (SO2(g)) is the most abundant sulfur-bearing volcanic gas species on Earth. 
From its magmatic origin at depth to expulsion at the surface via either persistent degassing 
or large explosive volcanic eruptions, SO2(g) interacts with silicate materials at elevated 
temperatures. Similar high temperature reactions also occur in the volcanic systems and the 
atmospheres of Venus, the Galilean moon Io, and in Mars’ past, as well in industrial flue-
gas processing. We present an experimental investigation of the reaction between SO2(g), 
glasses and supercooled melts in the system anorthite-diopside-albite (CaAl2Si2O8-
CaMgSi2O6-NaAlSi3O8). The samples were exposed to SO2(g) at 600 – 800 °C for 
experimental durations of 10 minutes to 24 h. The reactions resulted in the formation of 
sulfate coatings and modified the near-surface composition of the silicate samples. The 
predominant sulfate reaction product is CaSO4, with hydrated MgSO4 or Na2SO4 also 
observed in some experiments. In the anorthite-diopside system the reaction extent strongly 
depends on the temperature relative to the glass transition temperature (Tg). Above Tg, in 
reactions with supercooled melts, the sulfate-forming reaction is up to 20 times more 
effective. The overall rate of sulfate formation is controlled by the diffusive flux of Ca, Mg 
and Na from the increasingly depleted silicate to the surface where the reaction with SO2(g) 
occurs. The sulfate-forming reaction results in a volume increase relative to the unreacted 
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silicate. Where this reaction occurs in the subvolcanic environment it may result in the 
closure of veins, a reduction of the permeability and consequently a decrease in the SO2(g) 
flux at the surface. An increase in the SO2(g) flux then requires the opening of new veins, 
which may be accompanied by seismic activity. The strong preferential uptake of Ca into 
the sulfate reaction product results in a Si- and Al-enriched silicate. In the sulfate the Ca 
component may be mobilized more easily by secondary processes such as through the 
interaction with meteoric fluids. We recommend that the products of such gas-solid 
reactions should be the object of remote and robotic investigations of planetary 
environments with volcanic histories such as on Mars, Io, Venus and Mercury. 
3.2 Introduction 
To constrain geochemical cycling and mineral evolution over time it is essential to 
understand how sulfur dioxide (SO2(g)) reacts with silicates. Sulfur dioxide is a major 
volcanic gas species in terrestrial and planetary environments, including the atmosphere of 
present-day Venus and Jupiter’s moon Io, plus it is likely to have played an important role 
in volcanic processes on early Mars (Pearl et al., 1979; Zolotov and Fegley, 1998; Glaze, 
1999; Franz et al., 2018). In eruption plumes, SO2(g) plays an important role in the alteration 
of ash particle surfaces and consequently impacts the geochemical pathways of elements 
from volcanoes into the atmosphere, ocean and soil (Delmelle and Stix 2000; Delmelle et 
al., 2007; Ayris and Delmelle 2012; Ayris et al., 2013, 2015, Maters et al., 2016, 2017; 
Pardini et al., 2017; Mueller et al., 2017). In sub-volcanic environments SO2(g) reacts 
extensively with silicates to form sulfates and sulfide deposits (Henley et al., 2015, 2017). 
During quiescent periods (Vita et al., 2012; Mori et al., 2013; Henley and Hughes, 2016) 
volcanic gases filter through the subvolcanic environment with the potential to significantly 
alter the chemistry and mineralogy of the rocks they pass through (Henley et al., 2015, 
2017). This is most significant to a depth of 3-6 km below the surface where the bulk of 
the SO2(g) has degassed from the magmatic source (Moretti et al., 2003; Aiuppa et al., 2009).  
Sulfur dioxide is a highly reactive gas species which readily reacts with metals, basic oxides 
such as CaO and MgO, and carbonates (e.g. CaCO3) to form sulfates (Gilewicz-Wolter, 
1988; Waqif et al., 1992; Allen and Hayhurst, 1996; Gilewicz-Wolter et al., 2004; Hu et 
al., 2006; Gao and Chen, 2006; Baltrusaitis et al., 2007). The reactions are particularly 
efficient at high temperatures of up to 900 °C and used to remove the corrosive SO2(g) from 
flue gases produced during the burning of coal. For example, SO2(g) reacts with CaO to 
form anhydrite and CaS (Allen and Hayhurst, 1996): 
2𝐶𝑎𝑂 + 2𝑆𝑂2(𝑔) → 𝐶𝑎𝑆𝑂4 + 𝐶𝑎𝑆     Equation 3-1 
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Similarly, SO2(g) may react with multicomponent aluminosilicate glasses to form sulfates 
(Douglas and Isard, 1949). However, we currently cannot predict how SO2(g) + silicate 
reactions proceed, despite efforts using both experimental and theoretical approaches 
(Fegley and Prinn, 1989; Johnson and Burnett, 1993; Burnett et al., 1997; Ayris et al., 2013, 
2015; Henley et al., 2015; Maters et al., 2016). Volcanic ash particles, which consist of 
aluminosilicate glass and crystalline minerals (Delmelle et al., 2018), show evidence of 
significant surface oxidation and acidification due to the reaction with volcanic gases 
(Delmelle et al., 2018). It has been proposed that alkali and alkaline earth oxides act as 
basic surface sites, onto which SO2(g) chemisorbs as a Lewis acid (Waqif et al., 1992; 
Maters et al., 2016; Delmelle et al., 2018). The primary sulfate observed on volcanic ash 
particles is anhydrite (CaSO4) (Ayris et al., 2013, 2015; Barone et al., 2016; Delmelle et 
al., 2018), but MgSO4, Na2SO4, FeSO4 and K2SO4 have also been observed in coatings on 
volcanic ash particles from the Eyjafjallajökull eruption in April 2010 (Gislason et al., 
2011).  
The reaction between SO2(g) and volcanic ash was investigated experimentally by Ayris et 
al. (2013). These authors studied the reaction of tephrite, phonolite, dacite and rhyolite 
glasses, at temperatures up to 800 °C and for up to 1 hour reaction time, with a gas mixture 
containing 1 mol% SO2(g). Anhydrite was observed on all glasses reacted above 600 °C, 
and above 300 °C for all glasses except for rhyolite, and for durations from as short as 30 
seconds. The efficiency of the SO2(g) scavenging was inferred to by controlled by the Ca2+ 
content of the glass and the diffusion of Ca2+ to the reaction interface (Ayris et al., 2013). 
Based on these experiments, volcanic ash may scavenge up to 73% of SO2(g) from a large 
explosive volcanic eruption plume (Ayris et al., 2013; Delmelle et al., 2018). 
The reaction of SO2(g) with a Ca2+-rich aluminosilicate such as anorthite results in the 
formation of the sulfate anhydrite, Ca-depleted aluminosilicate and reduced sulfur. The 
balance of charges is ensured by the disproportionation of sulfur (S4+) in the SO2(g) reactant 
to form products containing oxidized S6+ and reduced S2- (or another reduced S-species 
such as a S radical). The reaction has the following form, as first proposed by (Burnham, 
1979): 
2𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 + 3𝑆𝑂2(𝑔) → 2𝐶𝑎𝑆𝑂4 + 2𝐴𝑙2𝑆𝑖𝑂5 + 2𝑆𝑖𝑂2 + 0.5𝑆2(𝑔) Equation 3-2 
Quartz (SiO2) and Al2SiO5 represent the Si- and Al-rich products, which depend on the 
temperature conditions of the reactions. At higher temperatures andalusite may be replaced 
by sillimanite, and in more aluminous systems mullite or corundum may become stable.  In 
hydrous systems, these components may form clay minerals. 
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The reaction is initiated by chemisorption of polar SO2(g) molecules onto partially positively 
charged surface sites on the silicate (Henley et al., 2015). Once all surface sites have been 
occupied by SO2(g) the reaction proceeds via Ca2+ diffusion from the silicate substrate to 
the surface (Ayris et al., 2013; Henley et al., 2015; Maters et al., 2016; Delmelle et al., 
2018; Renggli and King, 2018). 
In the system anorthite-diopside-albite (An-Di-Ab) additional sulfate-forming reactions 
may occur. These reactions require the mobilization of Mg2+ and Na+ cations from the 
reactant silicate to form MgSO4 and Na2SO4. The reactions of diopside and albite with 
SO2(g) can be written as: 
𝐶𝑎𝑀𝑔𝑆𝑖2𝑂6 + 3𝑆𝑂2(𝑔) → 𝐶𝑎𝑆𝑂4 +𝑀𝑔𝑆𝑂4 + 2𝑆𝑖𝑂2 + 0.5𝑆2(𝑔) Equation 3-3 
4𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8 + 3𝑆𝑂2(𝑔) → 2𝑁𝑎2𝑆𝑂4 + 2𝐴𝑙2𝑆𝑖𝑂5 + 10𝑆𝑖𝑂2 + 0.5𝑆2(𝑔) Equation 3-4 
At high temperatures these reactions have upper limits given by the thermal stabilities of 
the sulfates. MgSO4 and CaSO4 decompose above 900 °C and 1200 °C respectively (Rowe 
et al., 1967; Du, 2000), whereas Na2SO4 has a liquidus temperature (Tl) of 884 °C and may 
vaporize (Na2SO4(s) = Na2SO4(g)) (Stern and Weise, 1966; Freyer et al., 1998). In addition, 
Na2SO4 passes through two or three phase transitions below 240 °C, depending on the 
cooling or heating path (Freyer et al., 1998). Processes affecting the chemical and 
mineralogical evolution of anhydrous mafic and intermediate magmas can be fruitfully 
explored using the An-Di-Ab system (Morse, 1980). This system provides a convenient 
way to evaluate a range of compositions relevant to nature because it includes Na, Ca and 
Mg – that vary substantially in natural melts – and that react readily with SO2(g).  Whilst we 
ultimately wish to understand reactions of SO2(g) with natural materials, this study allows 
us to investigate the behavior of Na, Ca and Mg while avoiding complications that arise 
from adding multivalent elements such as Fe.   
Here, we present results from reaction experiments between SO2(g) and aluminosilicate 
glasses and supercooled melts in the An-Di-Ab system with the aim to improve the 
understanding of the reaction mechanisms. The investigated silicate compositions have 
glass transition temperatures (Tg) ranging from 722 °C (diopside) to 863 °C (anorthite) 
(Russell & Giordano, 2005). Above Tg the materials behave as supercooled melts and 
below Tg as solid glasses.  Experiments were performed at 600 to 800 °C for 10 minutes to 
24 hours and analyzed using a range of methods including Raman spectroscopy, 
inductively coupled plasma mass spectrometry (ICP-MS), scanning electron microscopy 
with energy-dispersive X-ray spectroscopy (SEM/EDS) and nanoscale secondary ion mass 
spectrometry (nanoSIMS). We observed complete coverage of all silicate glasses with 
sulfates within few minutes of exposure to SO2(g) at 600 and 800 °C. 
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3.3 Methods 
3.3.1 Choice of starting materials 
Experiments were performed with glasses and supercooled melts in the system An-Di-Ab 
(Figure 3-1). The compositions include the endmembers anorthite, diopside and albite, the 
eutectic An36Di64 glass, two additional compositions in the An-Di binary system (An15Di85 
and An48Di52) both with liquidus temperatures of 1350 °C, An27Ab73 (Lee et al., 2010), and 
a ternary An65Di25Ab10. The compositions, liquidus temperatures, glass transition 
temperatures (Morse, 1980; Russell and Giordano, 2005) and degrees of polymerization, 
as the number of non-bridging oxygen atoms per aluminosilicate tetrahedron (NBO/T), are 
given in Table 3-1. The An-Ab glasses are fully polymerized with NBO/T = 0. The An-Di 
glasses show a range of NBO/T values (Table 3-1), where the most depolymerized glasses 
have the highest Mg contents. The samples diopside, An15Di85, An36Di64 and An48Di52 
behave as supercooled melts in experiments at 800 °C.  
3.3.2 Experimental set-up 
The albite silicate glass was synthesized from chemical grade oxide (SiO2, Al2O3) and 
carbonate (Na2CO3) powders. The powders were mixed and ground before melting at 
1500 °C for 10 minutes. The melt was quenched, reground and homogenized prior to re-
melting at 1500 °C. This process was repeated to obtain a homogeneous glass. The diopside 
and anorthite endmember glasses were provided by B. Fegley. Intermediate (An-Di) 
glasses were synthesized by mixing the powdered endmembers glasses and melted at 
1500 °C. The synthesized glasses were homogeneous and free of crystallites. They were 
broken into chips and polished on the top surface to ¼ μm. The polished glass chips were 
washed with methanol to remove any organic materials.  
High temperature experiments were run in a vertical tube furnace. The glass chips, with the 
polished surface facing upwards, were placed on a Pt tray suspended from an alumina rod. 
The use of Pt has the additional benefit of catalyzing the equilibrium dissociation of SO2(g) 
(Luthra and Worrell, 1978; Zolotov and Fegley, 1999). Before the exposure to SO2(g), the 
samples were flushed under Ar(g) for 2 minutes to allow for thermal equilibration. The 
SO2(g) flow rate during the experiment was set to 50 sccm. At the end of the experiment the 
furnace was purged with Ar(g) for 2 minutes before lifting the Pt tray with the samples out 
of the furnace. The samples were immediately placed in a desiccator to avoid hydration of 
the surface materials. For each experimental run four glass aliquots of the same 
composition were reacted to be used for different analytical investigation (Dalby et al., 
2018; Palm et al., 2018). 
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Figure 3-1: Ternary diagram of the Anorthite-Diopside-Albite system in mol% shows the 
compositions used in this study. 
3.3.3 Analytical methods 
Micro-Raman spectroscopy was used to characterize the phases formed as reaction 
products in the coatings.  The technique was chosen because it can determine mineral 
structure and also identify any secondary processes such hydration (Mernagh et al., 2018). 
Raman measurements were made with a Renishaw 2000 Raman Microscope using a 
wavelength of 532 nm with a spot size of ~1 μm. The resulting power on the sample through 
a 100x objective lens was approximately 3 mW. At these conditions the Raman sampling 
volume extends up to 3 µm into the sample.  
Field emission scanning electron microscopy (FE-SEM) was used as the principal method 
to document the sulfate reaction products formed on the glass surfaces. The samples were 
carbon coated and imaged using a Hitachi S-4300 SE/N FE-SEM. High-magnification 
secondary electron images were taken at a short working distance of ~3 mm and low 
voltages of 3 to 5 kV using an in-lens detector and 0.6 nA beam current. Additional images 
and energy-dispersive X-ray spectra (EDS) were recorded at 15 kV and a working distance 
of 25 mm using a 80 mm2 silicon drift detector.  
The bulk compositions of the sulfate reaction products formed in experiments with 
anorthite-diopside glasses and supercooled melts were determined by dissolving the 
sulfates and measuring the Ca and Mg concentrations in the obtained solutions with a 
Varian 820 inductively coupled plasma mass spectrometer (ICP-MS). The sulfate-coated 
samples were placed in plastic containers which had been cleaned overnight in 10% nitric 
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acid solutions. The sulfates were then dissolved ultrapure water and placed in an ultrasonic 
bath to destabilize the coating mechanically. After 30 hours, nitric acid was added 
increasing the solubility of sulfate and stabilizing the solutions. The samples were checked 
under a polarizing light microscope to ensure that no sulfates were left on the surfaces. 
Additionally, three blank solutions were prepared. The solutions were diluted by an order 
of magnitude and analyzed for the isotopes 24Mg, 25Mg, 26Mg, 43Ca and 44Ca. Multi-element 
AccuTrace standards (AccuStandard Inc.) with cation concentrations of 10 ppm, 50 ppm, 
100 ppm and 1000 ppm, and blank solutions were measured prior to sample analysis and 
again after each 14 sample analysis. Samples with high concentrations were diluted by an 
additional factor of ten.  
After dissolving the sulfate coatings from the glass chips for ICP-MS analysis, the surface 
areas of the chips were measured using X-ray micro-CT imaging (XCT). The micro-CT 
measurements allow us to normalize solution ICP-MS data to the specific surface area of 
each chip and to calculate the absolute amounts of reaction products and rates. We recorded 
the XCT images at the CTLab at the ANU, using a laboratory-based machine that was built 
in-house (Wildenschild and Sheppard, 2013; Dalby et al., 2018). The obtained images had 
a voxel size (i.e. 3D pixel) of 1.7 μm. The grayscale tomogram was processed using the 
image processing software Mango, developed by the Department of Applied Mathematics 
at the ANU. The surface area was determined by laying a continuous mesh over the glass 
chips, defined by a steep gradient in the grayscales from the glass to the surrounding air. 
The obtained surface area measurements have estimated uncertainties of 10%.  
Crystalline silicates formed in some of the reacted supercooled melts and were documented 
with high-resolution elemental maps with the CAMECA NanoSIMS 50L at the Centre for 
Microscopy, Characterisation and Analysis, at the University of Western Australia. The 
samples were mounted in resin, cross-sectioned, polished and gold coated. The ion source 
was a Hyperion (H200) oxygen ion source, with a spot size of approximately 100 nm, at an 
impact energy of 16 keV and a beam current of 12.5 pA. The elemental maps were recorded 
in multicollection mode, allowing the simultaneous measurement of seven ion species. The 
field of view was 50 μm2 at a resolution of 512 x 512 pixels.  
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Figure 3-2: Raman spectra of the surface coatings on reacted An-Di, Ab and An-Ab 
samples. Black dots indicate the main anhydrite peaks (Liu et al., 2009), x indicate the 
Na2SO4 (phase III) peaks (Hapanowicz and Condrate, 1996), and grey boxes show the main 
peaks of MgSO4·7H2O (epsomite; (Wang et al., 2006). a) An-Di, 600 °C, 1 h, the spectra 
show the sulfate coating (sharp peaks), including anhydrite and epsomite, and broad bands 
from the underlying glasses. b) An-Di, 600 °C, 24 h. Anorthite and diopside endmember 
glasses form CaSO4 and the intermediate glasses contain epsomite in addition. c) An-Di, 
800 °C, 1 h. CaSO4 is the only phase detected in the coatings of all An-Di glasses and 
supercooled melts. d) Ab, 600, 700 & 800 °C, 1 h. Na2SO4 (phase III) is the only sulfate in 
the coating. e) Ab, 600 & 700 °C, 24 h. Only Na2SO4 (phase III) is observed in the coating. 
f) An5Ab95, 800 °C, 1h. Only CaSO4 is detected in the coating. 
3.4 Results 
3.4.1 Raman spectroscopy of reaction products 
Raman spectra indicate that sulfate mineral phases formed as coatings on the reacted glass 
and supercooled melt chips (Figure 3-2 and Table 3-1). We identify different combinations 
of three phases: 1) CaSO4 (anhydrite), with a main band at 1017 cm-1 (Liu et al., 2009); 2) 
MgSO4·7H2O with a strong band at 984 cm-1 (Wang et al., 2006) and; 3) Na2SO4 with the 
strongest band at 992 cm-1 (phase III; Hapanowicz and Condrate, 1996; Choi and 
Lockwood, 2005). The Raman spectra have different relative band intensities due to 
varying phase abundances and crystallinities of the sulfate grains (Figure 3-2). 
Furthermore, where the coatings have thicknesses ≤ 1 µm, the Raman laser also probes the 
glass substrates, observed as broad Raman bands (Figure 3-2). 
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The spectra of the coatings on the An-Di glasses reacted at 600 °C for 1h show the broad 
bands of the silicate glass substrates with sharp bands related to anhydrite (1017 cm-1), 
except for the diopside glass which had a very thin coating not detected by Raman. The 
coatings on the An48Di52, An15Di85 and An36Di64 glasses also contain MgSO4·7H2O. After 
24 h Raman records the same mineralogy in the coatings, but with much higher band 
intensities. Surprisingly, the Mg-rich diopside glass is coated only by anhydrite with no 
evidence of any dry or hydrated Mg-sulfate. At 800 °C, where diopside, An15Di85, An36Di64 
and An48Di52 are above Tg and behave as supercooled melts, after 1 h of reaction, only the 
coatings (>2 µm thick) are detected and, unlike the reactions at 600 °C, Mg-sulfates are 
absent in the reaction products. 
The albite glass reacted with SO2(g) to form Na2SO4 (phase III) at all experimental 
conditions, at 600, 700 and 800 °C for 1 h and 24 h, and also within 10 minutes at 600 °C 
(Appendix). Previously, it has been suggested that Na2SO4 should not form as a reaction 
product between albite and SO2(g) (Burnett et al., 1997). At 600 - 800 °C the stable phase 
is the hexagonal Na2SO4 I which transforms to Na2SO4 III at 240 °C, which should 
subsequently transform to thenardite (Na2SO4 V) at 180 °C (Freyer et al., 1998). This final 
transformation to thenardite was not observed in any experiment and was likely kinetically 
inhibited. Textural features of the Na2SO4 coating on the albite glass are likely affected by 
the transformation from the high temperature phase, upon cooling. Surprisingly, no Na2SO4 
was observed on the Ab95An5 glass, despite its high Na-content: only anhydrite was 
observed (Figure 3-2). Mixed Na-Ca-sulfates such as glauberite were not observed in any 
experiment (cf. Palm et al., 2018).  
3.4.2 Surface textures 
The investigation of the surface coating textures provides insights into the sulfate growth 
mechanisms. Similar textures of coatings – or “scales” as they are termed in corrosion 
literature (Birks et al., 2006) –  are known from the oxidation and corrosion of metals and 
metal oxides (Bastow et al., 1981; Evans et al., 1983; Suo, 1995; Tolpygo and Clarke, 
1998a, b; Chason et al., 2013). The sulfate reaction products were imaged by field emission 
scanning electron microscopy (FE-SEM), providing high-resolution images of the sulfate 
coating textures (Figures 3-3 and 3-4). 
The sulfate coatings can be classified into two groups, continuous and discontinuous 
coatings (Figures 3-3 and 3-4). The continuous coatings can further be distinguished into 
three groups, as a) equigranular and undeformed coatings; b) deformed coatings, and; c) 
coatings with different grain-size populations (Figure 3-3). Their textures vary strongly 
with composition, experimental duration and temperature. Sulfate grain-sizes range from 
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50 nm in diameter on the diopside glass reacted at 600 °C for 1 hour, to tens of microns 
thick crusts on some supercooled melts reacted at 800 °C for 24 hours. 
On the anorthite endmember glasses, the anhydrite coatings form equigranular textures 
with grain diameters of up to 2.5 µm, with no significant deformation features (Figure 3-3a 
to d), except for small hillocks and protrusions on glasses reacted for 24 h (Figure 3-3b and 
d). On the diopside endmember glasses, the anhydrite grains are generally smaller with less 
pronounced crystal faces (Figure 3-3i to l). Anhydrite grains are up to 100 times larger in 
coatings of diopside supercooled melts reacted at 800 °C compared to 600 °C.  
The textures of the three intermediate anorthite-diopside glasses and supercooled melts 
(An15Di85, eutectic An36Di64, An48Di52) behave similarly across temperature and 
experimental duration. SEM images of the coating textures on the eutectic An36Di64 sample 
are shown in Figure 3-3, representative for all intermediate anorthite-diopside samples, and 
the other images are compiled in the Appendix Figure 9-1. The sulfates formed on the 
intermediate samples always form continuous coatings.  
Magnesium sulfate (MgSO4·7H2O) is only observed microscopically on the intermediate 
glasses reacted for 24 h, at 600 °C (Figure 3-3f). The grains are semi-euhedral with slightly 
rounded facets. This is due to later hydration to the more stable MgSO4·nH2O polymorph 
from MgSO4 grains formed at experimental conditions.  
At 800 °C no MgSO4 is observed in the coatings, which is in agreement with the Raman 
measurements. The coatings are thick, wrinkled and buckled at the grain size of 2.5 µm 
and at the overall coating thickness of hundreds of microns. After 24 hours the small-scale 
texture is similar on An15Di85 and An36Di64, with long whiskers and protrusions extending 
from the sulfate coating (Appendix Figure 9-1). Over longer length scales the coatings on 
all intermediate An-Di supercooled melts, formed at 800 °C, are wrinkled and buckled 
extensively (Figure 3-3g and h). These textural features are self-similar over two orders of 
magnitude. Small wrinkles extend over 5 to 10 µm, superimposing large buckles in the 
coating over 100-200 µm. The buckles are hollow within and not infilled by additional 
sulfate, as observed where the buckles were cracked after the experiment (Figure 3-3h). 
The albite glass is discontinuously coated by Na2SO4 (Figure 3-4). At 600 °C sulfate grains 
have well developed crystal facets and form isolated groups of up to six individual crystals 
(Figure 3-4a), whereas the grain morphologies are less well developed and become 
polycrystalline at higher temperatures (800 °C, Figure 3-4b). After 1 h at 800 °C Na2SO4 
forms rounded features with leaf shaped crystals and twinned grains, some of which appear 
to extend from the surface outward. These textures are lost after 24 hours where the sulfates 
form piles of needle shaped crystals with diameters of only 100 nm (Appendix Figure 9-2).  
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Figure 3-3: Secondary electron SEM images of the sulfate textures observed on reacted 
glasses. Left: anorthite; Middle: eutectic An36Di64; Right: diopside. The images show the 
textures at 600 °C (top row: 1 hour, second row: 24 hours) and 800 °C (third row: 1 hour, 
forth row: 24 hours). a) Continuous coating of CaSO4 grains with sizes of 200 nm. b) 
Larger grain sizes (CaSO4) of 360 nm with some grains extending outwards from the 
coating surface. c) Grain sizes of up to 1 μm in diameter. d) Multiple CaSO4 grains extend 
as hillocks from the sulfate coating. Grain sizes are comparable to those after 1h reaction 
at 800 °C, but the texture is less uniform. e) Continuous coating of CaSO4 and epsomite on 
the eutectic An36Di64 with very small grain sizes. Epsomite has been detected in this coating, 
but the grains are not apparent. f) Coating consisting of large CaSO4 grains and epsomite 
grains with rounded morphologies sitting on top of the CaSO4. g) Thick coating of CaSO4 
is wrinkled and buckled forming a very rough surface. h) With increasing experimental 
duration wrinkling and buckling of the thick CaSO4 coating increases significantly. i) 
Poorly crystallized nano-sized (70 nm) grains of CaSO4. j) Increasing reaction time results 
in slightly larger grain sizes (100 nm) and the development of some crystal faces on the 
grains. k) At 800 °C the CaSO4 texture on the diopside supercooled melt changes 
dramatically, forming larger well-developed crystals with diameters of more than 5 μm. l) 
Continuous coating of CaSO4 on diopside supercooled melt formed at 800 °C over 24 
hours.   
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Figure 3-4: SEM images of the surfaces of reacted albite-bearing glasses. a) albite glass 
reacted at 600 °C for 1 hour with well crystallized grains of Na2SO4. b) albite glass reacted 
at 800 °C for 1 hour. The Na2SO4 grains are have poor crystal habit likely because the 
temperature is close to the liquidus temperature of Na2SO4 (884 °C). c) An27Di73 glass 
reacted at 700 °C for 72 hours. The glass is continuously coated with CaSO4, forming a 
chicken wire texture as individual grains appear bent upwards at grain boundaries. d) 
An65Di25Ab10 glass reacted at 600 °C for 1 hour. Backscattered electron image shows large 
CaSO4 grains and smaller epsomite grains indicated by arrows. The substrate glass 
appears in darker gray shades. 
3.4.3 Composition of the surface material, solution ICP-MS, EDS 
We examined the bulk compositions of the sulfate reaction products from the SO2(g) 
reaction experiments with the An-Di compositions by dissolving the sulfates in water and 
analyzing them with solution ICP-MS. Measuring the Ca- and Mg-concentrations in the 
sulfate coatings provides the relative molar abundances of CaSO4 and MgSO4 formed 
during the reaction. The data is presented as molar fraction of Ca/(Ca+Mg) in sulfate 
(𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒
) which we compared with 𝑋𝐶𝑎
𝑔𝑙𝑎𝑠𝑠
 in the unreacted silicates (Table 3-2). We 
measured several isotopes of Ca (43Ca and 44Ca) and Mg (24Mg, 25Mg, 26Mg) to check for 
the reliability of the analysis. The analysis of the different isotopes provided the same 
element concentrations. Calcium and Mg isotopes did not show any fraction due to the gas-
solid reaction at the experimental temperatures of 600 and 800 °C. The molar 
concentrations of Ca and Mg are equivalent to those of the sulfates CaSO4 and MgSO4. 
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3.4.4 Surface areas of the An-Di chips measured by X-ray computed 
tomography 
Gas-solid reactions are critically dependent on the surface areas of the reacted solids 
(Szekely et al., 1976). In order to obtain absolute amounts of formed sulfates we measured 
the surface areas of the An-Di chips, after dissolving the sulfate coatings for solution 
analysis, using XCT. We could not measure the surface areas with the more conventional 
BET (Brunauer-Emmett-Teller) method (Brunauer et al., 1938), because the surface areas 
of the glass chips are too small for an accurate or precise result. Instead, XCT provided 
surface area data for the An-Di glasses and supercooled melts reacted at 600 °C for 1 h, 
and at 800 °C for 1 and 12 h (Table 3-2). The glass chips have surface areas ranging from 
1.3x10-5 to 4.8x10-5 m2. The estimated uncertainties of the surface area measurements are 
10%.  
Dividing the molar amounts of sulfates (CaSO4 + MgSO4), obtained from the solution ICP-
MS analysis, with the surface areas gives the molar amounts for each glass chips as 
μmol/m2 (Table 3-2). The values range from 4x102 μmol/m2 of sulfates on the diopside 
glass reacted for at 600 °C for 1 h, to 2.8x104 μmol/m2 of sulfates on the eutectic An36Di64 
supercooled melt reacted at 800 °C for 24 h. For a single composition, the amounts of 
sulfate formed at 800 °C may be up to 15x greater than coatings formed at 600 °C (Table 
3-2). 
3.4.5 Crystallization of the substrate glass observed by nanoSIMS 
As a consequence of forming Ca-, Mg- and Na-sulfate reactants and the loss of Ca2+, Mg2+ 
and Na+ from the aluminosilicate glass, the reacted substrates are chemically altered. 
Crystallization of silicates in the reacted silicate substrates near the surface was observed 
in the diopside, An15Di85 and An48Di52, reacted at 800 °C for one hour and 24 hours 
(Table 3-1). These samples have Tg < 800 °C (Table 3-1) and are supercooled melts at these 
experimental conditions and hence more allow crystallization. In all three cases the silicate 
crystallized was diopside, identified by Raman spectroscopy. The most extensive 
crystallization was observed in the diopside sample reacted at 800 °C for 24 hours (Figure 
3-5). The crystallization rim extended approximately 10 μm from the surface into the 
interior of the substrate. The silicate below the crystallization rim is depleted in Mg and 
enriched in Ca, as revealed by nanoSIMS. Surprisingly, no crystallization was observed in 
the eutectic sample even though it was above the glass transition temperature. Also, no 
crystallization was observed in the An endmember glass and the Ab-bearing glasses. 
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Figure 3-5: nanoSIMS count maps of a cross-section into a diopside sample reacted at 800 
°C for 24 hours. Lighter gray-scale values indicate higher count rates. The stippled black 
line indicates the interface between the reacted glass below and the sulfate coating above 
after the reaction. During sample preparation the sulfate coating was lost from the surface. 
The maps show the crystallization of diopside at the reaction interface. a) Ca-map; Ca is 
slightly enriched around diopside crystals. b) Mg-map; Mg is depleted around and between 
diopside crystals. 
3.5 Discussion 
3.5.1 Textural evolution of sulfates 
Textural features observed in the sulfate coatings may be primary, due to processes 
operating during the gas-solid reaction at high temperature, or secondary, during storage of 
the samples at room temperature in a desiccator or during analysis in air (e.g., via hydration 
of the sulfates during Raman analysis). In our experiments MgSO4 is observed in its 
hydrated form MgSO4·7H2O (Figure 3-2). Sulfate hydration could only be observed in the 
coatings on the An-Di glasses containing MgSO4 formed at 600 °C, whereas no sulfate 
hydration was observed in the coatings formed at 800 °C, which only contain dry CaSO4 
(Table 3-1). For this reason, we only consider textural features of coatings which consist 
of CaSO4.  
Following the initial chemisorption reaction, which uses up all available surface reaction 
sites (Delmelle et al., 2018), the SO2(g) can no longer directly bond to the glass surface. 
From this monolayer of chemisorbed SO2(g) on the glass or supercooled melt, sulfate grains 
nucleate.  
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Figure 3-6: Schematic drawings of three possible sulfate growth mechanisms of 
continuously coated glasses. Depending on relative rates of gas and cation migration 
through the older sulfate coating, new sulfate (dark gray) may form in different ways. a) 
Gas molecules and cations migrate through the sulfate coating, preferentially along grain 
boundaries. New sulfate growth occurs at and along grain boundaries. This results in a 
lateral expansion of the coating and accumulates stresses within the coating. These stresses 
are dissipated through deformation of the coating (see Figure 3-7). b) The sulfate-forming 
cations migrate fast through the old sulfate coating, new sulfate forms at the surface of the 
coating. c) The gas migrates fast through the sulfate coating, new sulfate forms at the 
interface between the glass substrate and the older sulfate coating. The old sulfate is 
pushed outward, resulting in expansive cracks where the glass isn’t flat. This was not 
observed in any experiment. 
The different types of initial textures are most apparent at conditions where the reaction 
has not yet proceeded far, such as on the endmember glasses (An, Di and Ab) reacted at 
600 °C for 1 hour (Figure 3-3a and i, Figure 3-4a) or 10 minutes (Appendix). The initial 
sulfate grains have rounded morphologies at 600 °C. With time, and amount of reaction, 
the grains develop crystal facets and grain sizes increase. At higher temperatures (800 °C) 
the grains sizes are significantly larger and crystal facets develop earlier (Figure 3-3, 
Appendix). For the reaction to continue, mass transport mechanisms are required to bring 
the gas and the alkaline earth or alkali metals into contact. For the sulfate coating to be 
bridged by the reactants three mechanisms are possible. They depend on the relative rates 
at which the gas and cation components can migrate through the sulfate. These mechanisms 
are illustrated in Figure 3-6. 
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Figure 3-7: Modes of stress dissipation in growing sulfate coatings. a) Lateral expansion 
of sulfate single crystals causes upward bending at grain-boundaries. This results in 
chicken-wire textures (Figure 3-4c). b) Sulfate formation at grain boundaries and triple 
junctions allows preferential accumulation and creates hillocks and protrusions (Figure 
3-3d). c) Lateral expansion and increasing volume requires bending and buckling of the 
sulfate coating (Figure 3-3g and h) (Renggli & King, 2018). 
First, the diffusive transport of the reactant SO2(g) and product S2(g) species through the 
continuous sulfate coating is very fast. In this case new sulfate forms at the silicate surface, 
below sulfate that formed before. The result is, that the older sulfate coating is displaced 
away from the glass surface. At corners of the reacted glass chips this growth of the coating 
would result in extensional cracks (Figure 3-6c). Such cracks were not observed in any 
experiment.  
Second, the outward diffusion of the alkaline earth ions through the sulfate coating exceeds 
that of the inward diffusion of SO2(g). In this case new sulfate is formed on the outer surface 
of the sulfate coating (Figure 3-6b). In this case no stresses would be generated in the sulfate 
coating and it would grow evenly across the surface.  
Third, the gas species and the cations migrate at comparable rates through the sulfate 
coating. We argue that the supply of cations from the substrate to the reaction within the 
coating is rate-limiting. This occurs most efficiently along grain boundaries and in the pore 
space of the coating (Figure 3-6a). Consequently, the coating grows internally and expands, 
causing the build-up of stresses, which can be dissipated by the deformation of the coating. 
A high reaction rate would therefore result in a high degree of deformation in the coating, 
as observed in the experiments (Figures 3-3 and 3-4). 
The stress in the sulfate coating can be dissipated in different ways, as drawn in Figure 3-7. 
In the case of a thin coating consisting of a monolayer of flat grains, with a small grain size 
distribution, two modes of stress dissipation textures have been observed. Lateral growth 
of the grains parallel to the glass surface focusses the strain at the grain boundaries such 
that the grains bend upwards (Figure 3-7a). We observed the resulting texture on a 
An27Ab73 glass, reacted with SO2(g) at 700 °C for 72 hours (Figure 3-4c). The same type of 
texture was also observed on a plagioclase-rich anorthosite rock reacted at 600 °C for 96 
hours (Henley et al., 2015) and can be described as a chicken-wire texture. Growth of  
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sulfate is focused preferentially in areas of the coating where the migration rate of SO2(g) 
and cations through the coating is fast, such as at grain boundaries. In this case new sulfate 
accumulates and may pile up to form hillocks and protrusions (Figure 3-7b), which are 
observed on anorthite glasses reacted at 600 and 800 °C for 24 hours (Figure 3-3b and d). 
Finally, large sulfate coatings with thicknesses of several microns deform at a larger coating 
(Figure 3-7c). The increase in volume of the coating results in buckling and bending at 
distances of few microns to more than 100 microns, as observed on the An15Di85, An36Di64 
(Figure 3-3g and h) and An48Di52 reacted with SO2(g) at 800 °C.  
Discontinuous coatings, as observed on albite glasses (Figure 3-4), develop less complex 
textures as the glass surface remains exposed to the gas, crystals likely nucleate 
preferentially on rough surfaces and discontinuities, and complex deformation textures do 
not occur. In this case, diffusion is only necessary in the glass substrate; for example, to 
bring Na to the surface to continue the formation of Na2SO4. This diffusion of cations in 
the glass has been suggested to be the rate-limiting factor in the case of the reaction between 
volcanic ash and SO2(g) bearing gas (Ayris et al., 2013). Details in the texture of the Na2SO4 
coatings produced as part of this work are difficult to interpret because, as documented by 
Raman spectroscopy, the Na2SO4 coatings have experienced a phase transition from the 
hexagonal high temperature phase Na2SO4 I to the Na2SO4 III phase below 240 °C. 
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Figure 3-8: Relative molar concentrations of Ca and Mg in the unreacted anorthite-
diopside glasses and supercooled melts, and the respective sulfate coatings given as XCa = 
Ca/(Ca+Mg). In all experiments the sulfates are relatively enriched in Ca. At 600 °C the 
enrichment is moderate, whereas at 800 °C the sulfates almost exclusively consist of 
CaSO4. We include data from Ayris et al., (2013), who observed pure CaSO4 at 800 °C on 
reacted volcanic ashes (XCa
tephrite = 0.55, XCa
dacite = 0.58, XCa
phonolite = 1, XCa
rhyolite = 1). 
3.5.2 Mineralogic consequences of the SO2(g)-glass reactions 
3.5.2.1 Relative enrichment of Ca in the sulfate 
The analysis of the sulfate reaction products with solution ICP-MS provides information 
on the composition of the coatings formed on different An-Di glasses and supercooled 
melts (Table 3-2). Here, we consider the 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒
 and 𝑋𝐶𝑎
𝑔𝑙𝑎𝑠𝑠
 to describe the relative 
abundances of the alkaline earths in the reactants and reaction products. The unreacted 
anorthite-diopside glasses range from 0.5 for the diopside endmember to 1 for the Mg-free 
anorthite endmember (Table 3-2 and Figure 3-8). If both Ca and Mg equally partition into 
the sulfate then 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒 =⁡𝑋𝐶𝑎
𝑔𝑙𝑎𝑠𝑠
. Instead, 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒 > 𝑋𝐶𝑎
𝑔𝑙𝑎𝑠𝑠
, indicating that Ca is 
preferentially incorporated in the sulfate, consistent with the near-ubiquity of anhydrite. 
The degree to which Mg is mobilized and incorporated in the sulfate strongly depends on 
the experimental temperature. At 600 °C, a significant amount of Mg is incorporated in the 
sulfates formed on the diopside endmember glass and the intermediate An-Di glasses. In 
these experiments the glasses are below their glass transition temperatures (Tg, 722 to 760 
°C; Table 3-1). The second set of experiments at 800 °C, above Tg where the samples are 
supercooled melts, reveals only very minor Mg in the sulfate, instead it is almost entirely 
CaSO4 with 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒~⁡1. This observation is in agreement with Ayris et al. (2013) who 
measured 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒~⁡1 on tephrite, dacite, phonolite and rhyolite glasses reacted at 800 °C 
for 1 h.  
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Figure 3-9: Gas and solid speciation calculated using a Gibbs Free energy minimization 
approach and the software HSC8 by Outotec. As an input we chose a molar SO2(g)/silicate 
molar ratio of 100/1 to ensure that the gas is in excess as in the experiments. a) Reaction 
between SO2(g) and anorthite. b) Reaction between SO2(g) and diopside. c) Reaction between 
SO2(g) and albite. 
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3.5.2.2 Thermodynamic considerations 
The experiments have shown the preferential formation of CaSO4 over MgSO4 in 
experiments with glasses containing CaO and MgO components. At 600 °C MgSO4, 
hydrated to MgSO4·7H2O, has been observed by Raman spectroscopy, but at 800 °C it is 
absent (Figure 3-2). Furthermore, the chemical analysis of the sulfate coatings has shown 
that 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒~1 at 800 °C (Figure 3-8). Here, we consider if this absence of Mg in the 
sulfate coating at 800 °C may be controlled by the thermochemical stability of MgSO4.  
We conducted Gibbs Free Energy minimization calculations of the speciation of gases and 
solids in SO2(g) reactions in the system An-Di-Ab, shown in Figure 3-9. The calculations 
were performed using the software package HSC8 (Roine, 2015), which is based on the 
JANAF database (Chase, 1998). We calculated equilibrium models using the crystalline 
endmember phases instead of glasses, for which thermodynamic data is sparse. This allows 
a further examination of the An-Di-Ab system in reactions with SO2(g). We chose a molar 
SO2(g)/mineral ration of 100/1 to reflect the high gas flux in the experiments.  
The gas phase includes the species SO2(g), SO3(g), SO(g), S2O(g), O2(g), O3(g), S2(g), S3(g), S4(g), 
S5(g), S6(g), S7(g) and S8(g). In the anorthite system the calculation includes the solids 
CaAl2Si2O8, CaSO4, CaS, Al2SiO5 and SiO2, in the diopside system the solids CaMgSi2O6, 
CaSO4, CaS, MgSO4, MgO, MgS and SiO2 and in the albite system the solids NaAlSi3O8, 
Na2SiO4, Na2O, Na2S, Al2SiO5 and SiO2. The calculations reveal a rapidly decreasing 
stability of MgSO4 at temperatures above 500 °C in the diopside system. At 600 °C MgSO4 
is still a minor phase in the system, but at 800 °C its calculated abundance has dropped two 
orders of magnitude compared to 600 °C. At the higher temperatures magnesium remains 
as MgO in the reacted aluminosilicate. The formation of CaSO4 only becomes limited at 
T > 900 °C (Figure 3-9a & b). These thermodynamic calculations can explain the observed 
relative enrichment of Ca in the sulfates relative to the unreacted glasses and supercooled 
melts in the system An-Di at 800 °C (Figure 3-8).  
The calculations of the reaction between SO2(g) and albite glass shows that the formation of 
Na2SO4 is thermochemically favored (Figure 3-9c). In this calculation we did not 
discriminate between Na2SO4(s) and Na2SO4(l), but the formation of Na2SO4 does not seem 
to be affected by the change of the phases state. These results are in contrast to Burnett et 
al. (1997) who suggested that albite should not react with SO2(g) to form Na2SO4 based on 
thermochemical calculations. These authors also conducted experiments reacting albite 
with SO2, which did not result in the formation of sulfates. 
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Figure 3-10: a) Total sulfate coating the reacted glasses (μmole/m2) versus the glass 
composition in the system anorthite-diopside. At 600 °C the amount of sulfate increases 
with increasing anorthite component. At 800 °C the amount of sulfate reaction product 
reaches a maximum at the eutectic An-Di composition. The degree of sulfate formation 
inversely correlates with the liquidus temperatures, except for anorthite, which is the only 
sample in this system remaining below Tg at 800 °C (Table 3-1). b) Amount of reaction 
product as a function of the difference between the liquidus temperature (Tl) and the glass 
transition temperature (Tg). At 800 °C these properties are inversely correlated, whereas 
at 600 °C there is no correlation. The R2 values of the trendlines are given in the figure. c) 
Amount of reaction as a function of the square-root of time. Within the first hour the rate 
of reaction is approximately an order of magnitude higher than the rate in the following 
24 hours, at 800 °C. At 600 °C the rates of reaction are an order of magnitude lower than 
at 800 °C. 
3.5.2.3 Amount of sulfate formed 
We consider the amount of sulfate formed on the An-Di glasses in μmol/m2 as a function 
of three different variables. First, as a function of the anorthite content, which represents 
the relative abundance of Ca; second, as a function of the difference between the liquidus 
temperature (Tl) and glass transition temperature (Tg) – that is, the anorthite content is a 
function of Tl-Tg; and third, as a function of time providing estimates of the reaction rate 
(Figure 3-10). 
First, at 600 °C and over one hour, the anorthite glass forms >10x more sulfate than the 
diopside glass. For this experimental series there is a gradual increase in sulfate content 
with An-content of the glass and also 𝑋𝐶𝑎
𝑔𝑙𝑎𝑠𝑠
 (Figure 3-10a). At 800 °C, sulfate formation 
has a clear maximum at the eutectic An-Di composition and the endmembers produce the 
least sulfate (Figure 3-10a). The SO2(g) reaction with An15Di85 and An48Di52 supercooled 
melts , both of which have the same liquidus temperature of 1350 °C, produces the same 
quantity of reaction products per unit area within 10% analytical uncertainty. 
Second, considering the amount of sulfate formation as a function of the temperature 
difference Tl-Tg, we observe negative correlations at 800 °C but no trend at 600 °C 
(Figure 3-10b). For experiments at temperatures below Tg (i.e. 600 °C) the liquidus 
temperature does not affect the amount of sulfate formation. The anorthite glass is the only 
sample which is below its glass transition (863 °C, Table 3-1) in all experiment presented 
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here. Consequently, we do not observe a large increase in the amount of sulfate formed 
from 600 to 800 °C (Table 3-2, Figure 3-10).  
Third, we consider the amount of reaction as a function of time (Figure 3-10c). At 600 °C 
we only have data for 1 h experiments. At 800 °C we have data on the amount of sulfate 
formed after 1 h and after 24 h. We observe rapid sulfate formation within the first hour, 
whereas the rate is significantly lower up to 24 h (Figure 3-10c).  
3.5.2.4 Crystallization in the substrate  
Crystallization and strong depletion of sulfate-forming cations in the near-surface silicates 
may affect the rates of sulfate formation. As the glass and supercooled melt compositions 
change and crystallization occurs, the rates of diffusion likely change because they are a 
function of the composition and differ between crystalline and amorphous materials. If 
cation diffusion in the substrate is the rate-limiting step these reactions, the overall rate of 
sulfate formation would evolve with time accordingly.  
The reaction of Fe-free silicate glasses and supercooled melts with SO2(g) involves multiple 
interrelated processes, not all of which are observed in every experiment. They include a 
heterogeneous reaction at the interface, diffusion of gas through a growing and texturally 
evolving sulfate layer, diffusive mass transport in the substrate, and changes in the substrate 
structure as a consequence of the changing composition which can result in crystallization. 
The overall reaction rate is controlled by the rate of the slowest step in the process and with 
time the rate-limiting step may change.  
3.5.3 Effect of time 
3.5.3.1 Rate-limiting steps 
The overall rate of the reaction may be controlled by a number of steps. These include the 
chemical reaction itself, and mass transport processes in the gas phase and in the solid 
reactant (Szekely et al., 1976). At the high temperatures of 600-800 °C activation energies 
of chemical reactions are easily overcome and the reactions are not rate-limiting steps 
(Szekely et al., 1976). Due to the high reaction rate, the consumption of reaction educts 
(SO2(g) and alkaline earths or alkali metals) occurs almost instantaneously and their supply 
to the reaction interface becomes rate-limiting (Kubicki & Watts, 2018).  
The discussion of the sulfate textures suggested that SO2(g) needs to migrate through the 
sulfate coating at least partially. In a porous medium, such as the sulfate coating, diffusion 
of a gas such as SO2(g) strongly depends on the pore size (King et al., 2018). Electron 
microscopy images of the sulfate coatings (Figure 3-3) show that the sulfate grains form a 
dense material. The pores have dimensions smaller than the mean free path of the gas at 
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less than 10 nm. Hence, simple molecular diffusion does not apply and Knudsen diffusion 
operates (Szekely et al., 1976): 
𝐷𝐾⁡𝑆𝑂2(𝑔) =
𝑑𝑝𝑜𝑟𝑒
3 √
(8𝑅)𝑇
𝜋𝑀𝑆𝑂2(𝑔)
      Equation 3-5 
where 𝐷𝐾⁡𝑆𝑂2(𝑔)  is the Knudsen diffusion of SO2(g) in m
2/s, 𝑑𝑝𝑜𝑟𝑒  is the pore diameter 
(< 10 nm), R is the gas constant, T is temperature in K, and 𝑀𝑆𝑂2(𝑔)  is the molecular mass 
of SO2(g) in kg/mol (0.064 kg/mol). At 800 °C and a pore diameter of 1nm the Knudsen 
diffusion of SO2(g) is 𝑙𝑜𝑔𝐷𝐾⁡𝑆𝑂2(𝑔) = −6.7⁡𝑚
2/𝑠, which provides a minimum estimate for 
the diffusion rate of SO2(g) through the sulfate coating.  
On the other hand, the reaction may be limited by diffusive transport of cations in the 
silicate substrate. Diffusivities of Na, Ca and Mg in albite-anorthite-diopside glasses are 
not available in the literature. Nevertheless, some crude comparisons with similar 
compositions are possible. In an An60Ab40 plagioclase glass at 800 °C the tracer 
diffusivities of Na and Ca are log𝐷𝑁𝑎
𝑝𝑙𝑎𝑔.⁡⁡𝑔𝑙. = −11.8⁡𝑚2/𝑠 and log𝐷𝐶𝑎
𝑝𝑙𝑎𝑔.⁡⁡𝑔𝑙. =
−14.7⁡𝑚2/𝑠 (Behrens, 1992). In albite and jadeite glasses at 800 °C Mg and Ca tracer 
diffusivities have the following magnitudes; log𝐷𝑀𝑔
𝑎𝑙𝑏𝑖𝑡𝑒⁡⁡𝑔𝑙. = −15.9⁡𝑚2/𝑠, 
log𝐷𝑀𝑔
𝑗𝑎𝑑𝑒𝑖𝑡𝑒⁡⁡𝑔𝑙. = −15⁡𝑚2/𝑠, log𝐷𝐶𝑎
𝑎𝑙𝑏𝑖𝑡𝑒⁡⁡𝑔𝑙. = −13.2⁡𝑚2/𝑠 and log𝐷𝐶𝑎
𝑗𝑎𝑑𝑒𝑖𝑡𝑒⁡⁡𝑔𝑙. =
−12.9⁡𝑚2/𝑠 (Roselieb and Jambon, 2002). Broadly, the diffusivities of these cations 
follow the order of 𝐷𝑁𝑎 > 𝐷𝐶𝑎 > 𝐷𝑀𝑔, but they are all five to eight orders of magnitudes 
slower than the Knudsen diffusivity of SO2(g) in the sulfate coating. Assuming that the 
diffusivities of Na, Ca and Mg in albite-anorthite-diopside glasses are of similar relative 
magnitudes, these very slow rates suggest that the cation diffusivities are the rate 
controlling steps in SO2(g) reactions with glasses and supercooled melts. Finally, the 
outward diffusion of the cations needs to be accompanied by outward co-diffusion of 
oxygen anions in order to maintain charge balance (Sucov and Gorman, 1965). 
Sulfidation and oxidation reactions of metals and alloys often pass through multiple stages 
with different reaction rates. In these gas-metal systems the entire solid educt (i.e. the 
reduced metal) is consumed and its volume diminishes or “shrinks” (Luthra and Worrell, 
1978; Gesmundo et al., 1983; Andersen and Kofstad, 1984). This is commonly described 
as a shrinking core mechanism (Szekely et al., 1976). Such a mechanism also operates in 
the reaction between SO2(g) and calcite, where carbonate ions are replaced by sulfate ions 
(Fegley and Prinn, 1989). The transformation progresses from the surface inwards and the 
unreacted core shrinks in volume and mass. The mechanism operating in the reaction of 
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SO2(g) with silicate glasses and supercooled melts is different, because not the entire educt 
is consumed, the aluminosilicate framework remains intact.  
3.5.3.2 Calculation of rate-limiting cation fluxes  
The SO2(g) imposes a chemical potential gradient on the glass or supercooled melt, which 
drives a flux of Na, Ca and Mg cations to the surface to form sulfates. As we do not have 
reliable data on concentration gradients of the cations in the reacted glasses, their 
diffusivities cannot be calculated. Instead, we can calculate their fluxes in experiments 
where the surface areas and the amounts of reaction are determined (Table 3-2). The 
diffusive flux 𝐽𝑖
𝑔𝑙
 for element i in the reactant glass, gl (mol/m2/s) is the amount per area 
per time and defined as: 
𝐽𝑖
𝑔𝑙 = −𝐷𝛻𝐶        Equation 3-6 
Where D is the diffusion coefficient (m2/s) and ∇𝐶 is the concentration gradient of the 
diffusing element, i. As we have determined the surface areas of the An-Di glasses reacted 
at 600 °C for 1 h, and the supercooled melts at 800 °C for 1 h and 24 h, as well as the 
amounts of Ca and Mg in the sulfate coatings, we can calculate the fluxes for these elements 
in the three experiments (Table 3-2). The fluxes are time-averaged values for the 
experimental durations of 1 h and 24 h respectively.  
The calculated fluxes are proportional to the total amounts of sulfates formed on the glasses 
as presented above (Figure 3-9, Table 3-2). The calculated fluxes also highlight the 
differences between Ca and Mg. Furthermore, Table 3-2 gives the relative fluxes of Ca and 
Mg (𝐽𝐶𝑎
𝑔𝑙 𝐽𝑀𝑔
𝑔𝑙⁄ ) allowing the comparison of the two alkaline earth metals. For example, for 
diopside glass at 600 °C and 1 h 𝐽𝐶𝑎
𝐷𝑖⁡𝑔𝑙.
 (6.9 x 10-8 mol/m2/s) is 2.1 times higher than 𝐽𝑀𝑔
𝐷𝑖⁡𝑔𝑙.
 
(3.3 x 10-8 mol/m2/s), and in the An48Di52 experiment the 𝐽𝐶𝑎
𝐴𝑛48𝐷𝑖52⁡𝑔𝑙. (8.0 x 10-7 mol/m2/s) 
is up to 3.4 times higher than 𝐽𝑀𝑔
𝐴𝑛48𝐷𝑖52⁡𝑔𝑙. (2.3 x 10-7 mol/m2/s). At 800 °C after 24 h, where 
the relative abundance of Mg in the sulfates is very low, (𝐽𝐶𝑎
𝐴𝑛15𝐷𝑖85⁡𝑔𝑙 𝐽𝑀𝑔
𝐴𝑛15𝐷𝑖85⁡𝑔𝑙⁄ ) can 
reach values of up to 334 (Table 3-2).  
At 800 °C fluxes could be determined for experiments with 1 h and 24 h durations. Notably, 
the fluxes are significantly lower when time-averaged 24 h compared to 1 h. The fluxes of 
Ca are up to 22 times lower over 24 h and the fluxes of Mg are up to 240 times lower over 
24 h compared to 1 h at 800 °C.  
With increasing duration, the near-surface substrate becomes depleted in Ca and Mg and 
the composition becomes relatively richer in SiO2 and Al2O3, which may decrease its 
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surface reactivity (Maters et al., 2016, King et al., 2018, Renggli and King, 2018). The 
compositional change results in a decreasing diffusion rate and element flux to the surface. 
The cation depleted glass acts as an insulating layer and the diffusive flux, becomes self-
inhibiting (Schaeffer et al., 1986; Cailleteau et al., 2008). 
The reaction occurs at a rate which is dependent on the overall amount of reaction, as the 
rate decreases with the decreasing flux of cations from the glass (Crank, 1975): 
𝑑𝑋
𝑑𝑡
=
𝑘𝑝
𝑋
         Equation 3-7 
where t is time, X is the amount of reaction and kp is the parabolic reaction rate. Integrating 
this equation and solving it for the amount of reaction gives: 
𝑋 = √2𝑘𝑝𝑡        Equation 3-8 
This is the form of a second-order reaction where the amount of sulfate formed is a function 
of the square-root of time (Figure 3-10c). In our experiments the parabolic reaction rate kp 
is not constant with time. In order to determine the kinetics of these reactions with 
decreasing parabolic reaction rates, further experiments (preferably in situ) are necessary 
to provide a higher time-resolution.  
3.5.4 Consequences of Ca-sulfate formation in natural systems 
Our experimental results are in agreement with those from Ayris et al. (2013), who also 
observed that CaSO4 is the major sulfate produced at high temperatures (T > 600 °C) in 
volcanic plumes. In addition, we observe a strong dependence of the reaction efficiency on 
the temperature relative to Tg (Figure 3-10), with reaction amount that are up to 15x higher 
at 800 °C (above Tg) relative to 600 °C (below Tg). For this reason, we suggest that the bulk 
of the CaSO4 observed on glassy ash particles (Rose, 1977; Delmelle et al., 2007; Barone 
et al., 2016) is formed at temperatures above Tg of the respective composition (> 650 °C). 
Fluorine salts have been suggested to form at intermediate temperatures in the eruption 
plume at 300 – 700 °C (Óskarsson, 1980). Similarly, chlorides have been shown to form 
most efficiently at 400 – 600 °C on glassy volcanic ash (Ayris et al., 2014). Therefore, 
sulfates form prior to the halides on volcanic ash particles and only in the high temperature 
core of the eruption plume.  
In the subvolcanic environment where rocks can be exposed to high temperature SO2(g) for 
much longer periods of time the Ca-sulfate forming reaction may have a more significant 
impact (Henley et al., 2015, 2017, Henley and Seward, 2018). The experimental results 
show that in these simple Fe-free systems Ca is much more easily mobilized via the reaction 
with SO2(g) compared to Mg, Si and Al. The reaction results in a relative enrichment of Mg, 
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Si and Al in the reacted silicate. As the sulfate reaction product is more easily mobilized 
by secondary fluids than the silicate, Ca may also be preferentially mobilized and 
transported by such secondary hydrothermal fluids. Overall, this may positively impact the 
Ca-flux from volcanic systems to the hydrosphere. 
The formation of sulfates via gas-solid reactions reduces the amount of SO2(g) in the 
volcanic gas phase. At degassing volcanoes the measured SO2(g) flux (de Moor et al., 2013; 
Zelenski et al., 2013) may be lower than the amount of SO2(g) degassed from the magmatic 
source (Henley and Hughes, 2016). Future work will require an assessment of how much 
SO2(g) is removed by gas-solid reactions in the subvolcanic environment, in order to 
constrain the degassing rates of magmatic gas sources over time.   
The sulfate reaction products form on the surface of the glasses. Consequently, the volume 
of the solid increases during the experiment. Where similar sulfate-forming reactions occur 
in the subvolcanic environment, such a volume change may have significant implications 
for the gas and fluid permeability, when the growing sulfates may affect the permeability 
of the rocks and the flow pathways of the gases (Henley et al., 2017). The positive change 
in volume may cause the opening of new pore space and counterbalance the loss in 
permeability caused by the sulfate in the first place. We postulate that the increased volume 
as gas reacts with rocks may drive seismic events in subvolcanic environments.  
As the gas-solid reaction fills and seals veins with sulfates and the permeability decreases 
new crack-openings and veins are necessary to allow high gas flux. For example, at Galeras 
volcano (Colombia) long-period seismicity has been attributed to the unsteady flux of 
magmatic gases recorded at the surface (Fischer et al., 1994). Periods preceding long-
period seismic events are accompanied by low SO2(g) emissions at the surface. We suggest 
that this may be due to the reactive scavenging of the SO2(g) fracture network.  
High temperature conditions (> 700 °C) favorable for the formation of CaSO4 in SO2(g)-
glass reaction also occur on Io and Venus. On Io, eruption plumes reach temperatures of 
1200 °C (Zolotov and Fegley, 2000) and magmatic temperatures are as high as 1700 °C 
(McEwen et al., 1998), in the presence of abundant SO2(g) (Pearl et al., 1979; Kumar, 1985; 
Doute, 2002). On Venus, the surface temperature is ~ 470 °C and magmatic temperatures 
of up to 1500 °C may occur (Nimmo and McKenzie, 1998; Glaze, 1999). The search for 
traces of this gas-solid reaction mechanisms in the rock record, both on Earth and by remote 
sensing and robotic investigation on other planetary bodies, should therefore focus on the 
detection of CaSO4 and the diffusive depletion of Ca in altered silicates. 
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3.6 Summary and conclusions 
SO2(g) preferentially extracts Ca from simple Fe-free glasses and supercooled melts, 
compared to Mg and Na. In the system An-Ab Na2SO4 only forms on the endmember albite 
glass. In the presence of a Ca-component CaSO4 is the only sulfate reaction product in the 
system An-Ab. In the system An-Di CaSO4 is also the sole sulfate reaction product in 
reactions with supercooled melts at 800 °C. MgSO4 was only observed in experiments at 
600 °C. The sulfates are always relatively enriched in Ca compared to the silicate glass 
composition (𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒 > 𝑋𝐶𝑎
𝑔𝑙𝑎𝑠𝑠
). As a consequence, the reacted glasses become Ca 
depleted, and relatively enriched in Mg and Na, with increasing experimental duration.  
Thermochemical calculations (Figure 3-9) are in agreement with the experimental 
observations, allowing reliable modelling of SO2(g) reaction with Fe-free glasses and 
supercooled melts. The absence of MgSO4 in the reaction products at 800 °C is predicted 
by Gibbs Free Energy minimization calculation, which show that Mg preferentially 
remains as MgO in the aluminosilicate at temperatures above 600 °C. The formation of 
Na2SO4 on albite glasses is thermodynamically favored at our experimental conditions.  
The rate of the reaction is limited by the flux of the sulfate-forming cations from the 
substrate to the surface. Therefore, the rate depends on the diffusivity of these cations. Due 
to the loss of Ca to the surface, the composition near the surface becomes increasingly 
depleted and the diffusion coefficients are changing, they are time-dependent. Additionally, 
crystallization in the subsurface may affect the diffusivities of the cations.  
Our experiments have demonstrated, that the physical properties of the solids, in particular 
the diffusivities, control the rates of reaction between SO2(g) and silicate glasses or 
supercooled melts. This is likely also the case in the reaction between SO2(g) and crystalline 
solids. Even though CaSO4 is not the only sulfate that can form in these reactions, it is by 
far the dominant sulfate phase. The search for traces of this gas-solid reaction mechanisms 
in the rock record, both on Earth and by remote sensing and robotic investigation on other 
planetary bodies, should therefore focus on the detection of CaSO4 and the diffusive 
depletion of Ca in altered silicates. 
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4 Major element mobilization and mineral 
formation in reactions between SO2 and 
basaltic glasses 
This chapter is in preparation for publication in Journal of Petrology. 
Renggli C.J., King P.L., Palm A.B., Guagliardo P. 
I designed, prepared and conducted the experiments, performed the data analysis and 
written the manuscript. King contributed to the design and conceptualization of the 
experiments and the interpretation of the data, edited and corrected the manuscript. Palm 
helped with the interpretation of the experimental data. The collection of nanoSIMS data 
was conducted in collaboration with P. Guagliardo.  
4.1 Abstract 
Basalts are ubiquitous in volcanic systems on several planetary bodies, including the Earth, 
Mars, Venus and the Galilean moon Io, and are commonly associated with sulfur dioxide 
(SO2(g)) degassing. We present the results of an experimental study investigating these 
reactions between SO2(g) and basaltic glasses. Because the Fe-oxidation state is known to 
influence cation diffusion in glasses, we examined an Fe-free basalt, and three tholeiitic 
basalts with a range of Fe3+/Fetotal (0.22, 0.33 and 0.79) set by pre-equilibrating the glasses 
under different oxygen fugacities (logfO2 values relative to the Ni-NiO buffer of -1.5, 0 and 
+1 respectively). The basalt glasses were exposed the SO2(g) at 700 °C for 1 h and 24 h. We 
present observations from the surface coatings formed on the reacted basalt glasses, and 
from cross-sections through the modified glasses. The coatings are chemically and 
texturally heterogeneous and include CaSO4, MgSO4 or Na2SO4, Fe2O3 and TiO2. The 
SO2(g)-glass reaction results in considerable modification of the basalt glasses causing the 
oxidation of Fe in the glass and the nucleation of crystal phases including pyroxenes and 
SiO2. The mobility and diffusion of Ca, Mg or Na in the basalt glass substrates is the rate-
limiting step in the sulfate and oxide forming SO2(g)-glass reaction.  
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4.2 Introduction 
Basalts and gaseous sulfur dioxide (SO2(g)) are ubiquitous and commonly associated with 
volcanic processes on terrestrial planets (Basaltic Volcanism Study Project, 1981; Taylor 
and McLennan, 2009). On Earth, SO2(g) is the most abundant S-bearing volcanic gas species 
and the third most abundant volcanic gas species overall, after H2O(g) and CO2(g) 
(Oppenheimer et al., 2014). On Venus and Io, SO2(g) has been directly measured in the 
atmosphere and eruptive plumes (Pearl et al., 1979; Kumar, 1985; Glaze, 1999; Doute, 
2002; Vandaele et al., 2017), and basalts are the predominant volcanic rock types on Venus 
(Nimmo and McKenzie, 1998; McSween et al., 2006) and Io (Carr, 1986; Blaney et al., 
1995). Finally, on Mars, where SO2(g) has not been measured directly, it has been inferred 
as a significant volcanic gas species in past eruptions associated with basaltic volcanism 
(McSween et al., 2006; Gaillard and Scaillet, 2009; King and McLennan, 2010; Franz et 
al., 2018). 
Previous workers have shown that SO2(g) rapidly reacts with geologic materials via 
chemisorption reactions where the SO2(g) disproportionates to form sulfates and reduced 
sulfur (gas or sulfides) (Burnham, 1979; Ayris et al., 2013; Henley et al., 2015; Renggli 
and King, 2018): 
2𝑆𝑂2(𝑔) +𝑀𝑂𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 → 𝑀𝑆𝑂4 + 𝑆𝑟𝑒𝑑𝑢𝑐𝑒𝑑 + 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒(+𝑜𝑥𝑖𝑑𝑒)  Equation 4-1 
In the subvolcanic environment the chemisorption of SO2(g) on Ca-rich rocks results in the 
rapid disproportionation of SO2(g) to form sulfate and reduced S, which allows the 
concurrent deposition of sulfates and sulfides, to produce economically important porphyry 
and skarn deposits (Henley et al., 2015; Henley et al., 2017), and the silicates become 
depleted in the sulfate-forming cation (e.g. Ca, Henley et al., 2017). In explosive volcanic 
eruptions, SO2(g) chemisorption occurs onto ash particles, scavenging the molecule from the 
gas plume as CaSO4 (Rose, 1977; Ayris et al., 2013; Barone et al., 2016).  
Gas-solid reactions such as SO2(g)-glass reactions can be rate limited by different steps in 
the reaction mechanism. These include the transport of the reacting gas to the solid surface, 
adsorption onto the surface, diffusive transport of ion and electrons in the solid substrate, 
surface reaction and transport of gaseous reaction products away from the surface (Kreider 
and Lipiński, 2018). In the case of SO2(g)-glass reactions, the sulfate products may form 
continuous coatings which may act as barriers for the reaction, in which case diffusive 
transport mechanisms are required in the glass substrate and through the sulfate coating to 
allow an ongoing reaction (Renggli et al., in prep.; Renggli and King, 2018). 
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Ayris et al. (2013) have investigated the reaction between SO2(g) and tephrite, phonolite, 
dacite and rhyolite glasses at temperatures up to 800 °C. They observed the rapid formation 
of CaSO4 coatings on the ash particles within minutes and at temperatures of 300 °C and 
above and suggested that the Ca-availability in the glass is the driving force of the reaction. 
To investigate this further, Renggli et al. (in prep.) studied SO2(g) reactions with anorthite-
diopside (AnDi) glasses. They found a temperature dependence in their reaction products, 
where at 600 °C (below the glass transition temperature Tg) the coatings formed on the 
An15Di85, An36Di64 (eutectic glass), and An48Di52 glasses contain CaSO4 as well as MgSO4. 
At 800 °C, the coatings only consist of CaSO4, and MgSO4 is not observed (Renggli et al., 
in prep.). In the presence of Ca in the glass, even if it is as low as a 5 mole%, CaSO4 is the 
dominant reaction product on glasses in the anorthite-diopside-albite system (Renggli et 
al., in prep.). Ayris et al. (2013) and Renggli et al. (in prep.) have shown that the mobility 
the sulfate-forming cation Ca2+ in the glass and its diffusion to the glass surface is the 
reaction rate-limiting mechanism in SO2(g)-glass reactions.  
Natural basalt glasses contain Fe and the SO2(g)-glass reaction can affect the Fe3+/Fetot ratio. 
The most efficient oxidation mechanism in a H-free system is the inward diffusion of 
electron holes, which are charge compensated by the outward diffusion of divalent cations 
such as Ca2+ and Mg2+, where diffusivities of these cations are the rate-limiting factors 
(Cooper et al., 1996; Cook and Cooper, 2000; Cooper, 2018). The oxidation mechanism 
results in the precipitation of CaO and MgO at the glass surface and the nucleation of 
(MgFe)3O4 in the oxidized glass (Cooper et al., 1996; Cook and Cooper, 2000). Similarly, 
the reaction between SO2(g) and Fe-bearing basalt glasses may also affect the valence state 
of multivalent elements such as Fe2+/3+ as the gas has an effective oxygen fugacity of logfO2 
= -12.1 at 700 °C (Renggli and King., 2018), which is 4.2 logfO2 units above the Ni-NiO 
buffer.  
Here we present experimental results of reactions between SO2(g) and basalt glasses at 
700 °C. The glasses were exposed to SO2(g) at atmospheric pressure for 1 and 24 hours. 
Apart from an Fe-free basaltic glass, the experiments were run with tholeiitic basalt glasses, 
which were pre-equilibrated at three different oxygen fugacities with Fe3+/Fetot ratios of 
0.22, 0.33 and 0.79, which corresponds to 1.5 logfO2 units below the Ni-NiO buffer 
(NNO-1.5), at the Ni-NiO buffer (NNO) and one logfO2 unit above the buffer (NNO+1) 
(Table 4-1, Dufresne et al., 2015). Experiments with basalt glasses which exhibit different 
Fe3+/Fetot ratios allow us to examine the effect of different degrees of oxidation of the glass 
on the reaction mechanism. The tholeiitic basalts have glass transition temperatures just 
above the experimental temperature (700 °C) at 715-745 °C (Ryan and Sammis, 1981). 
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Table 4-1: Compositions of the basalt glasses reacted with SO2(g) and calculated normative 
mineralogy of the basalts. 
  
Fe-free 
basalt 
Tholeiite, 
NNO-1.5 
Tholeiite, 
NNO 
Tholeiite, 
NNO+1 
[wt.%]   Dufresne et al., 2015 
SiO2 59.2 51.4 51.6 50.9 
TiO2 1.3 2.7 2.1 2.7 
Al2O3 18.3 12.1 11.6 11.9 
Fe2O3 0.0 1.6 2.6 5.3 
FeO 0.0 8.8 8.8 4.4 
MnO 0.0 0.2 0.2 0.2 
MgO 11.1 9.9 10.5 9.9 
CaO 7.6 10.7 10.3 10.6 
Na2O 1.7 1.5 2.0 1.8 
K2O 0.0 0.4 0.4 0.5 
P2O5 0.0 0.2 0.3 0.2 
Totals 99.2 99.4 100.3 98.3 
Fe3+/Fetot   0.22 0.33 0.79 
Fe3+/Na+   0.41 0.50 1.14 
NBO/T 0.38 0.80 0.83 0.65 
Normative mineralogy (CIPW norm) 
Quartz 16.5 5.1 2.4 7.8 
Plagioclase 52.1 37.5 38.5 38.1 
Orthoclase 0.0 2.5 2.4 2.8 
Corundum 1.7 0.0 0.0 0.0 
Diopside 0.0 21.5 22.8 22.1 
Hypersthene 27.7 24.9 25.9 14.4 
Rutile 1.3 0.0 0.0 0.0 
Ilmenite 0.0 5.2 4.0 5.2 
Magnetite 0.0 2.3 3.8 6.9 
Hematite 0.0 0.0 0.0 0.5 
Apatite 0.0 0.5 0.6 0.5 
 
The experimental run products were investigated using scanning electron microscopy, 
Raman spectroscopy and nanoSIMS element mapping. These analytical methods reveal the 
chemistry and mineralogy of the different phases in the coatings on the reacted basalt 
glasses and the chemical modification in the reacted substrates. The SO2(g)-glass reaction 
produced coatings which consist of sulfates (CaSO4, MgSO4 or Na2SO4), hematite and Fe-
Ti-oxides. We also present observations on the modification features in the glass substrates 
and discuss the effect of this SO2(g)-glass reaction on the normative mineral composition of 
the basalts. 
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4.3 Methods 
4.3.1 Experimental setup 
The experiments were conducted with Fe-bearing tholeiitic basalt glasses from the 1921 
Pu’u O’o eruption at Kilauea, Hawai’i (Holloway and Burnham, 1972). The basalts were 
melted at 1400 °C under controlled fO2 conditions relative to the Ni-NiO (NNO) buffer. 
Their compositions were determined with the electron microprobe and the Fe3+/Fetot ratios 
were determined using Mössbauer spectroscopy (Dufresne et al., 2015). Additional 
experiments were conducted with Fe-free basalt glass which was synthesized from 
chemical grade oxide powders. The powders were ground and mixed before melting at 
1500 °C for 10 minutes, quenched, reground and re-melted twice at 1500 °C. The obtained 
tholeiitic basalt glasses and the Fe-free basalt glass were homogeneous and crystal free. 
The glass chips were polished on the surface to ¼ μm and washed with methanol to ensure 
a flat and clean surface (Renggli & King, 2018). 
The polished glass chips with diameters of ~2 mm were placed on a Pt-tray which was 
suspended in a vertical gas mixing furnace at 700 °C for 1 hour and 24 hours respectively 
and exposed to SO2(g) at a flow rate set to 50 sccm. The four basalt glasses were run in the 
same experiment to ensure identical run conditions. Before and after the SO2(g) reaction 
experiment, the furnace was streamed with Ar(g) for approximately two minutes, to remove 
any atmospheric contamination and to allow thermal equilibration before exposure to 
SO2(g). The retrieved experimental charges were immediately placed in a desiccator to 
minimize hydration of the reaction products. For each experimental condition and glass 
composition three experimental charges were run for different analytical methods. Cross-
sections of glasses were obtained by embedding the run products in epoxy resin and cutting 
the mounds. The cross-sections were polished with diamond paste to a ¼ μm.  
4.3.2 Analytical methods 
The phases in the surface coatings were identified using a Renishaw 2000 Raman Imaging 
Microscope at the Research School of Physics and Engineering at the Australian National 
University. We used a 532 nm laser, focused with a 100x objective lens, with a resulting 
laser power of 3 mW on the sample and a spot size of ~1 μm. At these conditions the laser 
may sample the material to a depth of 4 μm, depending on the laser transparency of the 
analyzed material. The 520.7 cm-1 band from a pure Si standard was used to test the 
alignment of the spectrometer prior to the analysis of the coatings. 
The coatings formed by the SO2(g)-glass reactions on the basalt glasses were observed by 
Field Emission Scanning Electron Microscopy (FESEM), using a Hitachi 4300 SE/N 
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Schottky Field Emission instrument at the Centre for Advanced Microscopy (CAM) at the 
Australian National University. Backscattered electron (BSE) images were collected, 
allowing the distinction of the different phases in the coatings and their textural 
relationships. Due to the rough surfaces of the coatings and the fine grain sizes of some 
phases in the coatings, quantitative compositional analysis could not be obtained. Instead, 
we used Energy Dispersive Spectroscopy (EDS) with a 80 mm2 silicon drift detector to 
collect qualitative elemental maps from the same areas where the BSE images were 
recorded. To allow for an efficient element mapping we increased the beam current to 1000 
pA by adjusting the condenser lens, and reduced the spectrum processing time by 20%.  
In addition to the investigation of the surface coatings we prepared cross-sections through 
the reacted basalt glasses. During sample preparation the coating was lost from some glass 
surfaces and Al-rich contamination during polishing cannot be excluded, in particular 
between the sample and the embedding epoxy resin. The modification features in the 
reacted glass substrates were analyzed with nanoscale secondary ion mass spectrometry 
(nanoSIMS) with a CAMECA NanoSIMS 50L instrument at the Centre for Microscopy, 
Characterisation and Analysis, at the University of Western Australia. The samples were 
mounted in resin, polished and gold coated. We used a Hyperion (H200) oxygen ion (O-) 
source, providing a spot size of 100 nm with a beam current of 12.5 pA and an ion impact 
energy of 16 keV. Maps of the isotopes 23Na, 24Mg, 27Al, 28Si, 40Ca, 48Ti and 56Fe were 
collected simultaneously in multicollection mode with a field of view of 50 μm2 at a 
resolution of 512 x 512 pixels.  
4.4 Results  
4.4.1 Mineralogy of the coating 
The mineral phases formed in the reaction between SO2(g) and the basaltic glasses were 
determined using Raman spectroscopy (Figure 4-1). Raman spectra show narrow bands 
(Figure 4-1a) confirming that well crystallized anhydrite (CaSO4) is present (using band 
positions reported by Liu et al., 2009). The Fe-rich oxide phase is identified as hematite 
(Fe2O3) (Zoppi et al., 2008), and the Ti-rich phase is the mineral anatase (TiO2; Tompsett 
et al., 1995). Hematite occurs as well crystallized large grains with diameters of up to 10 
μm in the coatings, but also as very fine-grained hematite is intermixed with Na2SO4, such 
as on the basalt glass pre-equilibrated at NNO+1. The Raman spectrum recorded on this 
mixture shows bands of hematite and Na2SO4 (Figure 4-1a; Hapanowicz and Condrate, 
1996). The polymorph of Na2SO4 could not be identified unambiguously because of its 
poor crystallinity and occurrence in a mixture with Fe2O3.  
4-73 
 
 
 
 
Figure 4-1: Raman spectra recorded on the coatings of the reacted basalt glasses. a) 
Anhydrite is well crystallized and its Raman spectrum shows sharp bands. Hematite occurs 
with Na2SO4 in a fine-grained mass, and also as well crystallized grains. The Ti-oxide (with 
some Al and Fe) is identified as anatase. B) The MgSO4 is hydrated to various degrees. 
Based on the main Raman bands above 1000 cm-1 we can identify the phases MgSO4·H2O 
(kieserite), MgSO4·2H2O (sanderite) and MgSO4·3H2O (trihydrate) (Wang et al., 2006). 
The magnesium sulfate (MgSO4) occurs in different states of hydration. Using the main 
Raman SO42- stretching modes we can identify three differently hydrated magnesium 
sulfate phases including MgSO4·H2O (kieserite), MgSO4·2H2O (sanderite) and 
MgSO4·3H2O (trihydrate) (Wang et al., 2006). We have placed the reacted glass samples 
in a desiccator immediately after taking them out of the gas-mixing furnace. Despite this 
measure, Raman analysis was under air and so hydration of MgSO4 occurred. This 
underlines the difficulty in handling samples for the study of gas-solid experiments (Dalby 
et al., 2018) and the need to use a N2 or Ar purge during analysis.  
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Figure 4-2: Back-scattered electron images of the surface coatings on the basalt glasses 
reacted with SO2(g) at 700 °C. Element symbols indicate the following phases: Ca = CaSO4; 
Mg = MgSO4; Na = Na2SO4; Fe = Fe2O3; Ti = TiO2; gl = basalt glass substrate. a) Fe-
free basalt reacted for 1 h. b) Fe-free basalt reacted for 24 h. c) Tholeiitic basalt pre-
equilibrated at NNO-1.5, reacted for 1 h. d) Tholeiitic basalt pre-equilibrated at NNO-1.5, 
reacted for 24 h. e) Tholeiitic basalt pre-equilibrated at NNO, reacted for 1 h. f) Tholeiitic 
basalt pre-equilibrated at NNO, reacted for 24 h. g) Tholeiitic basalt pre-equilibrated at 
NNO+1, reacted for 1 h. h) Tholeiitic basalt pre-equilibrated at NNO+1, reacted for 24 h. 
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Figure 4-3: EDS maps of the coating on the Fe-free basalt glasses reacted with SO2(g) at 
700 °C for 24 h. a) High S-counts indicate the presence of sulfate in the coating. b) Ca 
correlates with S and forms grains with diameters of less than 5 μm. c) Mg also correlates 
with S, but not with Ca, suggesting that they form separate sulfate phases. d) Na is not 
enriched in the coating. e) Si-counts are high where gaps in the coating occur. f) Al 
correlates with Si and Na, indicating that it remains in the glass substrate. 
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Figure 4-4: EDS surface maps of a tholeiitic basalt glass pre-equilibrated at NNO-1.5 and 
reacted with SO2(g) at 700 °C for 24 h. a) S b) Ca c) Mg d) Na e) Fe f) Ti g) Si h) Al. Ca 
and Mg correlate with S but not with each other indicating the presence of two distinct 
sulfate phases. Fe forms sub-micron sized grains, Na, Ti, Si and Al remain in the glass 
substrate. 
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Figure 4-5: EDS surface maps of a tholeiitic basalt glass pre-equilibrated at NNO and 
reacted with SO2(g) at 700 °C for 24 h. a) S b) Ca c) Mg d) Na e) Fe f) Ti g) Si h) Al. Ca, 
Mg and Na correlate with S, but form three distinct sulfate phases. Si and Al remain in the 
glass substrate. Fe forms oxide grains with diameters of up to 20 μm. Some oxide grains 
are rich in Ti, with som Al and Fe. 
4-78 
 
 
Figure 4-6: EDS surface maps of a tholeiitic basalt glass pre-equilibrated at NNO+1 and 
reacted with SO2(g) at 700 °C for 24 h. a) S b) Ca c) Mg d) Na e) Fe f) Ti g) Si h) Al. Ca, 
Mg and Na correlate with S forming sulfate coatings. CaSO4 occurs as large grains, 
surrounded by fine-grained masses of Na2SO4 with some Mg. Fe forms oxide grains with 
diameters of several microns, and very fine grains associated with the Na2SO4. Ti occurs 
as oxides with some Fe and Al, but predominantly remains in the glass substrate with Si 
and Al. 
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4.4.2 Textures and chemistry of the coating 
Back-scattered electron (BSE) images allow the distinction of the different phases in the 
coatings as a function of their densities (Figure 4-2) and energy-dispersive X-ray 
spectroscopy (EDX) maps of the coatings reveal the distribution of the major chemical 
elements in the coatings. The electron microscopy images show that the sulfate coatings 
are mounded on the top of the glass substrates but do not continuously coat the substrates. 
Gaps in the coatings are evident in areas where high numbers of Si- and Al-counts are 
measured, which remain in the substrate during the reaction (Figures 4-3, 4-4, 4-5 and 4-6). 
The textures of the surface coatings fall into two categories (Figure 4-2). First, the coatings 
on the Fe-free basalt glass and the reduced tholeiitic basalt glass (NNO-1.5) are fine-
grained, and the different phases are approximately equigranular (Figures 4-2a to d). 
Second, the coatings on the more oxidized tholeiitic basalts (NNO and NNO+1) are 
dominated by large anhydrite crystals, with lengths extending up to 100 μm (Figures 4-2e 
to f). Here we discuss the two types of textures separately.  
First, on the Fe-free and NNO-1.5 basalts, fine-grained CaSO4 and MgSO4 can be 
differentiated by their crystal habits (Figure 4-2a to d) and the EDS maps of S, Ca and Mg 
(Figures 4-3a to c and 4-4a to c). After 1 h, the crystal habit of the CaSO4 is poorly 
developed (Figure 4-2a and c), but as the grains mature with longer experimental durations 
(i.e. 24 h) they establish facets (Fe-free basalt, Figure 4-2b) and grain-boundary triple-
junctions, with dihedral angles of 120° (NNO-1.5, Figure 4-2d). The MgSO4 grains have 
rounded shapes, because the grains have taken up variable amounts of water after the 
experiments (e.g., during transfer from the desiccator to the carbon coater, to the different 
analytical instruments). In the BSE images (Figure 4-2) the MgSO4 grains can further be 
identified by their darker grey-shade. The grain sizes of the coatings on the Fe-free basalt 
and the reduced NNO-1.5 basalt are similar after 1 h and 24 h (Figure 4-2a to d). The 
coatings on both glass substrates do not contain any Na2SO4 (Figures 4-3d and 4-4d).  
Second, the coatings on the more oxidized (NNO and NNO+1) tholeiitic basalt are 
dominated by large elongated CaSO4 crystals with grain sizes of up to 100 μm in length 
(Figure 4-2e to h). The CaSO4 grains show a perfect cleavage perpendicular to the longest 
crystal axis (Figures 4-2, 4-5 and 4-6). This cleavage plane corresponds to the (001) plane 
(Tröger, 2017), and hence the longest dimension of the elongated grains is the 
crystallographic c-axis. Anhydrite has the largest thermal expansion coefficient along the 
crystallographic c-axis, with a relative expansion of 2% from room temperature to 700 °C 
(Evans, 1979). As the CaSO4 crystals cool after removal from the furnace they shrink and 
the crystals split on the cleavage plains.  
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Magnesium sulfate surrounds and sometimes overgrows the CaSO4 crystals (Figure 4-5c). 
On the tholeiitic glass pre-equilibrated at NNO hydrated MgSO4 forms large patches with 
diameters of up to 200 μm. On the most oxidized tholeiitic basalt glass (NNO+1) the 
coating in the 1 h experiment contains distinct MgSO4 grains (Appendix), but the coating 
formed in the 24 h experiment does not contain any MgSO4 (Figure 4-6c). The textural 
features of MgSO4 were affected by hydration after the experiments (Figure 4-1b).  
Sodium sulfate forms fine needles which are commonly twinned and have grain sizes of 
less than 2 μm (Figure 4-2e to g). On the NNO-glass Na2SO4 is mainly observed in-between 
the CaSO4 crystals and to a lesser degree associated with MgSO4 (Figure 4-5d). On the 
most oxidized tholeiitic glass (NNO+1) Na2SO4 occurs in dense aggregates, which in some 
cases appear to overgrow the CaSO4 crystals (Figures 4-6d and 4-2h).  
Hematite and anatase are clearly observed due to their light gray hues in the BSE images 
(Figure 4-2) and high numbers of iron and titanium counts in the EDS maps (Figures 4-4, 
4-5 and 4-6). Hematite grain sizes range from < 1 μm on the basalt glass pre-equilibrated 
at NNO-1.5 (Figure 4-4e) to 20 μm on the NNO glass (Figure 4-5e). On the most oxidized 
glass (NNO+1) sub-micron sized Fe2O3 grains are associated with Na2SO4 aggregates 
(Figures 4-6e and 4-2). Anatase is less abundant than hematite and grain sizes range up to 
10 μm.  
In summary, the coating textures and mineral assemblages on the basalt glasses differ 
between the Fe-free glass and the most reduced tholeiitic basalt glass (NNO-1.5), and the 
more oxidized tholeiitic basalt glasses (NNO and NNO+1). The assemblages are 
summarized in Table 4-2. In the first case the coatings consist of equigranular grains of 
CaSO4 and MgSO4, with no significant textural difference from 1 h long reaction with SO(g) 
and 24 h long experiments. In the second case, the coatings are dominated by large CaSO4 
crystals, which grow from 1 h to 24 h (Figure 4-2). In these coatings, where MgSO4 and 
Na2SO4 occur (Table 4-2), they infill the space between the large CaSO4 crystals and 
overgrow these in some places (Figures 4-5b to d and 4-6b and d). This suggests that the 
Na2SO4 and MgSO4 sulfates nucleate or grow, at least partially, after CaSO4. In the case of 
MgSO4 hydration has likely affected the texture.  
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Table 4-2: Phases formed by the SO2(g)-basalt glass reactions at 700 °C. For each 
experiment the table lists the phases in the surface coatings as determined with Raman 
spectroscopy and EDS (Figures 4-1, 4-3, 4-4 and 4-5), as well as crystalline phases in the 
reacted glass substrates as inferred from nanoSIMS maps (Figures 4-7, 4-8, 4-9 and 4-10). 
Time (hours) 1 24 
Fe-free 
basalt 
CaSO4,  MgSO4, TiO2 CaSO4,  MgSO4, TiO2 
no crystallites no crystallites 
Tholeiitic 
basalt NNO-
1.5 
CaSO4, MgSO4, Na2SO4, 
Fe2O3 
CaSO4, MgSO4, Fe2O3 
no crystallites Mg-pyroxene 
Tholeiitic 
basalt NNO0 
CaSO4, MgSO4, Na2SO4, 
Fe2O3, Fe-Ti-(Al)-oxide 
CaSO4, MgSO4, Na2SO4, 
Fe2O3, Fe-Ti-(Al)-oxide 
no crystallites 
Fe-Na-pyroxene, Mg-
pyroxene 
Tholeiitic 
basalt 
NNO+1 
CaSO4,  Na2SO4, MgSO4, 
Fe2O3, Fe-Ti-(Al)-oxide 
CaSO4,  Na2SO4, Fe2O3, 
Fe-Ti-(Al)-oxide 
SiO2  
SiO2, Al2O3, Fe-Na-
pyroxene, Mg-pyroxene 
 
4.4.3 Chemistry of the glass substrate in cross-section 
Chemical element maps of cross-sections measured with nanoSIMS reveal crystallites and 
chemical zones in the reacted basalt glasses (Figures. 4-7, 4-8, 4-9 & 4-10). The nanoSIMS 
maps do not show absolute concentrations, but relative increases and decreases in count 
rates, which correlate with the relative concentrations of the elements. Figure 4-11 shows 
profiles across the nanoSIMS maps, highlighting relative enrichments and depletions in the 
major elements from the surface to the modified basalt glass substrates. 
In the cross-sections mapped with nanoSIMS the coatings are only partially conserved. The 
loss of the coating likely occurred during embedding in epoxy resin and polishing of the 
cross-sections. For example, on the Fe-free basalt glass the coating is completely lost 
(Figure 4-7), whereas it is well-preserved on the most oxidized tholeiitic basalt glass 
(NNO+1, Figure 4-10). In this case, the nanoSIMS map (Figure 4-10) shows a sulfate 
coating on the glass surface with a thickness of ~8 μm, predominantly consisting of CaSO4 
with some Na. Iron and Ti-oxides are also observed in the cross-section of the coating 
(Figure 4-10). 
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Figure 4-11: Normalized nanoSIMS profiles from the surface into the reacted substrates 
of the basalt glasses reacted at 700 °C for 24 h. The positions of the profiles are indicated 
on the Si maps of the respective nanoSIMS analysis (Figures 4-7a, 4-8a, 4-9a and 4-10a). 
Peaks in the basalt glass substrates indicate the occurrence of crystallites. a) Fe-free 
basalt; b) NNO-1.5; c) NNO; d) NNO+1. 
The Fe-free basalt glass substrate shows the least amount of modification after reaction 
with SO2(g) for 24 h at 700 °C (Figure 4-7). Calcium and Mg are depleted at the glass surface 
(Figures 4-7d, 4-7e and 4-11a). The concentration of Ca increases into the glass substrate 
over a distance of 5 μm, whereas Mg increases occurs over a shorter distance of ~2 μm. 
Sodium is enriched at the surface to a depth of 2-5 μm (Figure 4-11a). The depletion of Ca 
and Mg in the glass substrate is in agreement with the observation of CaSO4 and MgSO4 in 
the sulfate coating, whereas Na2SO4 is not observed and hence Na is retained in the near-
surface glass substrate. There is no change in Si, Al, and Ti in the glass substrate. No sharp 
peaks are observed in the major element profiles (Figure 4-11a), which suggests that no 
crystallites have nucleated on the 100 nm scale. 
The tholeiitic glass pre-equilibrated at NNO-1.5 is modified in a similar manner to the Fe-
free basalt glass (Figure 4-8). Calcium is depleted at the surface of the glass substrate to a 
depth of approximately 3 μm (Figure 4-8e) and Na is enriched in the same zone at the glass 
surface (Figures 4-8g and 4-11b). Mg forms crystallites in the glass substrate to a depth of 
20 μm (Figure 4-8f), but the highest density of Mg-rich crystallites occurs within 3 μm of 
the surface. The largest spherulite crystallites have diameters of up to 2 μm. Silicon and Fe 
also form crystallites in the glass substrate within 1-3 μm of the surface (Figures 4-8c and 
4-8e). 
In the reacted tholeiitic glass pre-equilibrated at NNO (Figure 4-9) Ca is depleted at the 
surface to a depth of <10 μm (Figure 4-9e). In comparison, Na becomes increasingly 
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enriched towards the glass surface from a depth of 20 μm (Figure 4-9g). Nucleation of Fe-, 
Na- and Mg-rich spherulites is observed throughout the sample, with decreasing intensity 
from the surface towards the interior of the glass (Figures 4-9c, 4-9f and 4-11c). The 
spherulites have Fe-rich cores which also have elevated Na-concentrations. This is evident 
when comparing Figures 4-9c and 4-9f, where high Fe- and Na count-rates correlate in the 
glass at a depth of more than 15 μm from the surface. We interpret these larger spherulites 
with diameters of up to 3 μm as pyroxenes (e.g. NaFe3+Si2O6, aegirine). They are 
surrounded by Mg-rich material, which may correspond to MgSiO3 (enstatite or 
clinoenstatite). Calcium counts are low in the spherulitic crystallites and Si, Al and Ti show 
minor variations (Figure 4-11c).  
The modification of the most oxidized tholeiitic basalt glass (NNO+1) differs from the 
other glasses in its texture and the occurrence of different nucleated phases (Figure 4-10). 
Calcium is strongly depleted at the surface to a depth of 12 μm (Figures 4-10e and 4-11d). 
In a zone of 20 μm from the glass surface mushroom-shaped features are observed. These 
are highly enriched in Na and Fe and include a number of different crystallites (Figure 4-
10c and g). Sodium is enriched throughout the modified zone, whereas Fe is depleted within 
1.5 μm of the glass surface and enriched further into the glass (Figures 4-10c and 4-10g). 
Magnesium is enriched around the mushroom-shaped modification features but is also 
depleted within ~2 μm from the surface (Figure 4-10f). Crystallites are evident as peaks in 
the profile (Figure 4-11d) and include Mg-rich spherulites surrounded by Fe- and Na-rich 
material, Fe-rich crystallites (Figure 4-10c) and SiO2 needles (Figure 4-10a), and Al-rich 
material (Figure 4-10b), possibly Al2O3. High Al-counts at the surface may be due to 
contamination during sample polishing.  
In summary, the observed modification of the basalt glasses after 24 h of reaction with 
SO2(g) extends into the glass substrate to a depth of less than 5 μm from the surface in the 
case of the Fe-free and the NNO-1.5 glasses (Figure 4-11a and b). The more oxidized 
glasses are modified to a depth ~20 μm (NNO+1) to more than 50 μm (NNO) from the 
surface (Figure 4-11c and d). The formation of sulfates on the glasses is reflected in a strong 
depletion of Ca in the near-surface glass substrate in all experiments. Magnesium and Fe 
are also depleted near the glass surface, whereas Na is enriched near the surface of the glass 
substrate. Crystallites in the modified basalt glasses are rich in Mg and Fe, with some Na 
incorporated in the Fe-rich crystallites. We were not able to directly identify the minerals, 
but the nanoSIMS maps suggest that they are NaFe3+Si2O6 (aegirine) and MgSiO3 (enstatite 
or clinoenstatite). In the most intensely modified tholeiitic basalt glass, pre-equilibrated at 
NNO+1 (Figure 4-10), SiO2 also occurs as crystallites in the glass substrate.  
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4.5 Discussion 
The reaction of SO2(g) with basaltic glasses forms discontinuous coatings on the glass 
surface consisting of sulfates (CaSO4, MgSO4 and Na2SO4) and oxides (Fe2O3 and TiO2). 
Overall the sulfate assemblage changes with increasing Fe3+/Fetot in the pre-equilibrated 
basalt glasses. On the reacted NNO-1.5 basalt glass the coating consists of CaSO4 and 
MgSO4. Sodium sulfate appears on the glass pre-equilibrated at NNO together with CaSO4 
and MgSO4 and is even more abundant on the NNO+1 basalt glass, where MgSO4 no longer 
occurs. 
The surface products are accompanied by chemical modifications in the reacted basalt 
glasses which are observed as chemical zones and crystallites that include SiO2, Fe-Na-rich 
and Mg-rich pyroxene. We argue that the formation of the phases in the coating and 
substrate is controlled by the role of the cations (Na+, Ca2+, Mg2+, Fe2+/3+) in the glass 
structure and their mobility to migrate to the glass surface. Calcium diffusion has 
previously been suggested as the rate-limiting factor in the reaction between SO2(g)-bearing 
gas and glassy ash, which forms CaSO4 (Ayris et al., 2013; Delmelle et al., 2018). First, we 
discuss the basaltic glass structure and how it may affect the SO2(g)-glass reaction 
mechanism. We then discuss how the reaction oxidizes the Fe-bearing basalt glasses 
resulting in an increase of the Fe3+/Fetot ratio and present a model for the reaction 
mechanism. Finally, we discuss how the loss of cations (Ca, Mg, Na) to the sulfate coatings 
affects the normative mineral composition of the reacted basalt glasses.  
4.5.1 Role of the glass structure on reaction products 
To understand the constraints on reaction pathways and rates we first discuss the structure 
of basaltic glasses which consists of different building blocks. Si4+, Ti4+ and Al3+ cations 
are tetrahedrally (T) coordinated by O2- ions. These tetrahedral building blocks form a 
network with short- to medium-range order, but no long-range order (Mysen and Richet, 
2005). The O2- ions may either bond to two network forming T-cations, forming T-O-T 
bonds and acting as bridging oxygens (BO), or they may link a T-cation with a network 
modifying cation (M; e.g., Na+, K+, Mg2+, Ca2+ and Fe2+), forming T-O-M bonds and acting 
as non-bridging oxygens (NBO). The number of non-bridging oxygens per tetrahedrally 
coordinated cation (NBO/T) describes the degree of polymerization of the amorphous 
network (Mysen and Richet, 2005). Tetrahedrally coordinated Al3+ and Fe3+ cations further 
require charge balancing by a mono- or divalent cation as they are negatively charged 
([M3+O4]–). Alkali earths in particular may change their role in the glass structure and act 
as charge compensators, instead of network modifiers (Neuville and Mysen, 1996; Angeli 
et al., 2000; Le Losq et al., 2014; Le Losq and Neuville, 2017). In oxidizing Fe-bearing 
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glass the Fe3+/Fetot ratio increases and the number of charge compensating cations increases 
accordingly, which requires some network modifiers to change their role in the glass 
structure (Cooper et al., 1996).  
In the reduced glasses (NNO-1.5 and NNO) the Na+ concentration is sufficient to charge 
balance all Fe3+ cations (Fe3+/Na+ < 1) (Table 4-1), but not sufficient to charge balance 
tetrahedrally coordinated Fe3+ and Al3+ ((Fe3++Al3+)/Na+ > 1). The low K+ concentrations 
are also not sufficient to completely charge-balance the tetrahedrally coordinated trivalent 
cations, so that some divalent cations (Ca2+, Mg2+ or Mn2+) are required for charge 
compensation, in particular with increasing the Fe3+/Fetot ratio. In the more oxidized glass 
(NNO+1) the Na+ concentration is insufficient to charge balance all tetrahedrally 
coordinated Fe3+ and other cations are necessary for charge balance. 
The nanoSIMS maps of the cross-section into the modified glass substrate of the reacted 
tholeiitic basalt pre-equilibrated at NNO+1 (Fig. 4-10) show a correlation of Fe-enrichment 
and Na-enrichment at the glass surface. In these areas of enrichment, Fe is likely oxidized 
to Fe3+ and charge-compensated by Na+.  
4.5.2 Effect of the initial redox state of the glasses on reaction 
pathways 
Oxidation/reduction mechanisms are important components of gas-solid reactions (Kreider 
and Lipiński, 2018). The reaction of SO2(g) with Fe-bearing basalt glass is an example of 
such a process, where a reaction front propagates into the glass where iron is progressively 
oxidized and the Fe3+/Fetot ratio increases. Because sulfur is a polyvalent element (S2-, S-, 
S0, S4+, S6+), the redox state of both the gas and solid reactants play a role in the reaction. 
Here, we assume that the SO2(g) used in the experiments is pure and  dissociates at 
equilibrium to form other gas species including S2(g), S3(g), SO3(g), SO(g), S2O(g) and O2(g) 
(Zolotov and Fegley, 1999; Renggli and King, 2018). From a Gibbs Free Energy 
minimization calculation of the equilibrium dissociation of SO2(g) the oxygen fugacity of 
the gas can be calculated (logfO2 = -12.1 at 700 °C), that is 4.2 log units above the NNO-
buffer (O’Neill and Pownceby, 1993) at the hematite-magnetite redox buffer (Renggli and 
King, 2018). Consequently, the SO2(g) reaction with the more reduced tholeiitic basalt 
glasses (NNO-1.5 to +1) imposes a gradient in the electrochemical environment.  
In a dry system this electrochemical potential gradient is most efficiently dissipated by 
rapid diffusion of electron holes into the oxidizing glass, charge-compensated by the 
counter-diffusion of monovalent and divalent cations (Cooper et al., 1996; Cook and 
Cooper, 2000; Cooper, 2018). Multivalent element bearing aluminosilicate glasses act as 
semiconductors for electron holes, allowing their rapid diffusion. In this oxidation 
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mechanism, the charge-compensating diffusion of Ca2+ and Mg2+ is the rate-limiting step. 
At the glass surface Ca2+ and Mg2+ form MgO and CaO coatings in such an oxidation  
 
Figure 4-12: Schematic drawing of the reaction mechanism between SO2(g) and Fe-bearing 
basalt glass. The SO2(g)-glass reaction results in the oxidation of Fe in the glass, the 
formation of sulfates and oxides in the coating and the nucleation of phases including SiO2 
and pyroxenes in the glass substrate. 
reaction (Cooper et al., 1996; Cook and Cooper, 2000; Cooper, 2018). Finally, the oxidized 
Fe3+ atoms require charge compensation if they are tetrahedrally coordinated, which results 
in the development of a Na-front at the oxidation front in the glass (Cook et al., 1990; Cook 
and Cooper, 2000; Burkhard, 2001).  
In the reaction of Fe-bearing basalt glasses with SO2(g) we observe a similar reaction 
mechanism (Figure 4-12, Renggli and King, 2018). In addition to the sulfate-forming 
reaction, the overall reaction mechanism is driven by a gradient in the electrochemical 
potential. Both of these processes result in the diffusion of Ca2+ and Mg2+ to the glass 
surface. The SO2(g) reaction further drives the diffusion of Na+ and minor amounts of Fe3+, 
Ti4+ and Al3+ to the surface. The element maps obtained with nanoSIMS record Na-
enrichment in the near-surface glass (Figure 4-11). This Na-enrichment corresponds to the 
Na-front observed in oxidized basalt glasses (Cook et al., 1990; Cook and Cooper, 2000; 
Burkhard, 2001; Renggli and King, 2018).  
In summary, the reaction of SO2(g) with Fe-bearing basaltic glasses results in the formation 
of sulfate-rich coatings, and it affects the redox state of the glass. The rate of diffusion of 
Ca2+, Mg2+ and Na+ in the basalt glass likely controls the overall reaction rate and hence 
the formation of sulfate coatings (Renggli et al., in prep.; Ayris et al., 2013; Renggli and 
King, 2018). 
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Figure 4-13: Normative mineralogy of the tholeiitic basalt pre-equilibrated at NNO+1 as 
a function of the loss of a) CaO, b) MgO, c) Na2O and d) FeOtot from the basaltic glass. 
The figures only show the minerals with changing abundances. Additional minerals not 
affected by the reactive cation loss are listed in Table 4-1. 
4.5.3 Crystallization in the basalt glasses 
The calculation of the normative mineralogy of the basalts (CIPW norm) provides a 
prediction of relative mineral abundances if the basalt was fully crystallized (Johannsen, 
1931). We calculated the normative mineralogy of the unreacted basalts (Table 4-1), to 
estimate the effect of Ca, Mg, Na and Fe loss from the glass, due to the reaction with SO2(g), 
on the mineralogy. The evolution of the mineralogy with the loss of these elements is shown 
in Figure 4-13 for the case of the Fe-bearing basalt pre-equilibrated at NNO+1. 
In the Fe-free basalt glass the normative mineralogy consists of plagioclase (NPl), followed 
by hypersthene (NHy), quartz (NQtz), corundum (NCrn) and rutile (NRt) (Table 4-1). 
Decreasing concentrations of Ca and Na (due to their forming sulfate coatings) result in the 
decrease of NPl, accompanied by an increase in the abundance of NQtz and NCrn (Appendix). 
The loss of Mg results in the decrease in the abundance of NHy and an increase in NQtz. The 
presence of NRt in the normative mineralogy remains unaffected by the loss of Ca, Na or 
Mg during the reaction with SO2(g). If all Ca, Na and Mg were completely lost form the Fe-
free glass the normative mineralogy would consist of NQtz, NCrn and NRu.  
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The normative mineralogy of the Fe-bearing tholeiitic basalts is dominated by NPl, followed 
by the pyroxenes (NHy and NDi), NQtz, orthoclase (NOr), ilmenite (NIlm) and apatite (NAp). In 
the glasses pre-equilibrated at NNO-1.5 and NNO the stable Fe-oxide is magnetite (NMag), 
whereas hematite (NHem) occurs with NMag at NNO+1 (Table 4-1).  
To investigate the effect of cation loss on the stability of minerals in the tholeiitic basalt 
glasses we calculate the normative mineralogy while stepwise removing the sulfate-
forming CaO, MgO and Na2O, as well as FeOtot from the bulk glass composition (Figure 
4-13). We show the results of the calculations for the tholeiitic basalt composition pre-
equilibrated at NNO+1, representative for all three tholeiitic glasses which exhibit the same 
trends. The results of the calculations for the other tholeiitic basalt compositions are given 
in the appendix.  
Figures 4-13a, b and c show the phases which are affected by the changes in Ca, Mg and 
Na concentration, excluding NOr, NIlm, NMag, NHem and NAp, and Figure 4-13d shows the 
changes in the normative mineralogy due to the loss of Fe, additionally affecting the NHm, 
NMt, NIlm and NTtn. Loss of up to 50 wt.% CaO causes the disappearance of NDi from the 
normative mineralogy (Figure 4-13a). This is accompanied by increasing abundances of 
NHy and NQtz. After the disappearance of diopside and with ongoing CaO loss the stability 
of NPl decreases. Consequently, plagioclase becomes increasingly albitic accompanied by 
the formation of NCrn. The loss of MgO results first in the disappearance of NHy, 
accompanied by an increase in the NQtz abundance, followed by decreasing abundance of 
NDi and the formation of NWo. Sodium oxide loss has a less dramatic effect on the normative 
mineralogy, mainly resulting in an anorthite-rich plagioclase. In the experiments reacting 
SO2(g) with tholeiitic basalt glasses we observe Ca-, Mg- and Na-sulfates forming as 
coatings on the glass surfaces. The complete loss of all three of these elements would result 
in a normative mineralogy predominantly consisting of NQtz and NCrn. The calculation of 
the normative mineralogy does not consider other Al-Si-oxides such as andalusite or 
mullite, which may replace NCrn and NQtz in these basalts. Iron loss is modelled by removing 
Fe3+ and Fe2+ at a constant Fe3+/Fetot ratio (Table 4-1) from the glass. Initially, Fe-loss from 
the basalt glasses results in the disappearance of NMt, followed by NHm and NIlm. The 
remaining Ti in the bulk compositions is incorporated into NTtn (Figure 4-13d). 
The normative mineral assemblages agree well with our observations of the basalt glasses 
reacted with SO2(g). The calculations predict that the loss CaO to the sulfate coating is 
accompanied by a decrease in the abundance of plagioclase and an increase in the 
abundance of some pyroxenes (Figure 4-13a). In the reacted tholeiitic basalt pre-
equilibrated at NNO we observe the formation of Fe-Na-rich spherulites, surrounded by 
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Mg-rich crystalline material (Figure 4-9) that we interpret as the pyroxenes NaFe3+Si2O6 
(aegirine) and MgSiO3 (enstatite or clinoenstatite), based on the nanoSIMS element maps. 
Silica is observed in the reacted tholeiitic basalt pre-equilibrated at NNO+1 (Figure 4-10), 
as predicted for the loss of CaO to the sulfate coating by the normative mineral calculations 
(Figure 4-13). 
4.5.4 Implications for natural systems 
The reaction between SO2(g) and Fe-bearing silicate materials occurs in large volcanic 
eruptions (Ayris et al., 2013; Maters et al., 2016). The most commonly observed sulfate 
phase on volcanic ash formed via the reaction with SO2(g) is anhydrite (Ayris et al., 2013; 
Barone et al., 2016). Careful investigation of salts on volcanic ash particles has shown a 
more diverse assemblage of sulfates. For example, sulfates observed on volcanic ash 
particles from the Eyjafjallajökull (Iceland) eruption in 2010, determined by leachate 
analysis, include epsomite (MgSO4·7H2O), melanterite (FeSO4), hydrated thenardite 
(Na2SO4·10H2O) and minor arcanite (K2SO4) (Gislason et al., 2011). This agrees very well 
with the range of phases that we observed in the experiments (Figure 4-1). We did not 
observe K2SO4 in our experiments, but its presence on the reacted volcanic ash particles 
from Eyjafjallajökull may be due to the higher K-concentration in the basalt or sublimation 
from the volcanic gas (Gislason et al., 2011) compared to our tholeiitic experimental glass 
compositions. We recommend that the investigation of freshly sampled and unaltered 
volcanic ash should include mineralogical methods such as Raman spectroscopy to identify 
the minerals on ash surfaces routinely. This would complement the more commonly 
applied bulk chemical analysis of materials dissolved from ash surfaces (Delmelle et al., 
2018). 
The experimental results presented in this study were obtained from reaction experiments 
with pure SO2(g). As discussed above the effective oxygen fugacity in this gas is in the 
hematite stability field just above the magnetite-hematite mineral buffer. Consequently, the 
observed Fe-oxide in the reaction products is Fe2O3. Figure 4-14 shows how varying 
fugacities of O2(g) and SO2(g) affect the stabilities of Fe-oxides, Fe-sulfides, Fe-sulfate and 
native Fe in the system Fe-S-O. The fugacities fO2 and fSO2 vary extensively across 
different planetary bodies in the solar system. For example, the low oxygen fugacity of a 
lunar volcanic gas of IW-2 to IW prohibits the stability of Fe-oxides, whereas Fe-sulfides 
are stable. Similarly, the more reducing conditions on Mercury are favorable to the 
formation of sulfides in reactions between silicates and S-rich volcanic gases.  
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Figure 4-14: Phase relationships in the system Fe-S-O as a function of fSO2 and fO2 at 
700 °C and 1 bar, modified after Renggli & King (2018). The SO2(g) and O2(g) fugacities in 
hot volcanic and atmospheric gases of different planetary bodies are marked in color. Blue: 
Earth (Carmichael, 1991; Ballhaus, 1993; Oppenheimer et al., 2011); orange: Venus 
(Fegley et al., 1997; Vandaele et al., 2017); red: Mars (Hirschmann and Withers, 2008; 
Gaillard and Scaillet, 2009; Gaillard et al., 2013; Franz et al., 2018); yellow: Io (Zolotov 
and Fegley, 1999; Zolotov and Fegley, 2000); grey: Moon (Rutherford and Papale, 2009; 
Renggli et al., 2017); brown: Mercury (Kerber et al, 2009; Zolotov, 2011; McCubbin et 
al., 2012). The long arrow indicates the experimental reaction progress from the pre-
equilibrated redox state around NNO to the more oxidized coatings. 
The surface of Mercury is particularly rich in S, with up to 4 wt.% (Nittler et al., 
2011). This high S abundance coincides with the occurrence of flood basalts, pyroclastic 
deposits and compound volcanoes (Kerber et al., 2011; Denevi et al., 2013; Rothery et al., 
2013). Sulfur-rich gases and these basaltic rocks were possibly erupted simultaneously, 
allowing gas-solid reactions, which may have formed a range of different sulfide reaction 
products which contribute to today’s regolith on Mercury. Similarly, a broader range of fO2 
and fSO2 is necessary in future experiments to investigate gas-solid reactions at conditions 
pertinent to Venus, Mars and Io (Figure 4-14).  
Our experiments revealed a diverse mineral assemblage of phases formed in 
reactions between SO2(g) and basaltic glasses including CaSO4, MgSO4, Na2SO4, Fe2O3, 
TiO2, pyroxenes and SiO2 crystallites in the glass substrates. This is in contrast to previous 
experimental studies, which observed a prevalence of CaSO4 as the sole or dominant 
reaction product in reactions between SO2(g) and silicate glasses (Renggli et al., in prep.; 
Ayris et al., 2013). The experiments reveal complex element mobility in glasses by trapping 
mobile chemical elements in surface coatings and nucleated phases in the modified glasses. 
To explain what controls the movement of different monovalent and divalent cations to the 
glass surface in reactions with SO2(g) a better understanding of the complex element 
mobility in glasses is necessary. 
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5 SO2 gas reactions with silicate glasses 
This chapter is accepted in Reviews in Mineralogy and Geochemistry: 
Renggli C.J., King P.L. (2018) SO2 gas reactions with silicate glasses. Reviews in 
Mineralogy and Geochemistry, 84, 229–255. 
I wrote the majority of this chapter and chose the topics for the discussion. King contributed 
to the discussion and interpretation, edited and corrected the manuscript.  
5.1 Introduction 
Sulfur dioxide (SO2(g)) is an important gas species in most common volcanic settings on 
Earth including subduction zones (Shinohara, 2013). The relative abundances of SO2(g) may 
vary at a volcano over time with the highest rates of SO2(g) emissions occurring during 
eruptive degassing and lesser amounts emitted continuously during quiescent degassing, 
resulting in a large total amount of SO2(g) integrated over time of the order of 10 Mt/a 
(McCormick et al., 2013; Shinohara, 2013; Henley and Hughes, 2016). Much of the emitted 
SO2(g) is released at high temperatures. For instance, gas mixtures sampled at the highest 
temperature volcanic vents reach 1085 °C at Erta Ale volcano and these are the most likely 
to be representative of the volcanic gas phase (de Moor et al., 2013).  
 SO2(g) is the most abundant of the corrosive gases at volcanoes (Oppenheimer et al., 2014). 
In the 1970’s, thermodynamic models were used to predict that SO2(g) reactions with 
silicates form sulfate and reduced sulfur (Gooding, 1978; Burnham, 1979). This was later 
shown experimentally through reactions of silicates and carbonates with SO2(g) (Fegley and 
Prinn, 1989; Burnett et al., 1997). When SO2(g) reacts with silicates it covalently binds to 
the solid surface to build up a surface coating (Henley et al., 2015). In this manner, the 
SO2(g) reaction fundamentally differs from ionic reactions with some of the other species 
common in volcanic settings such as H2O-rich fluids (e.g. Oelkers and Schott, 2009) or 
carbon dioxide (DePaolo and Cole, 2013). Other species common in volcanic gases such 
as fluorine and chlorine are also important (Delmelle et al., 2018; Henley and Seward, 
2018), but sulfur gases have particularly interesting properties because sulfur is a 
multivalent element. Several valence states are involved in SO2(g) reactions with 
aluminosilicate glasses (S-2, S-1, S0, S4+ and S6+). These different species add complexity to 
the reactions because they may affect the valence state of other multivalent cations in the 
solid (e.g., Fe0/2+/3+, Ti3+/4+, Cr2+/3+, V2+/3+/4+/5+, Eu2+/3+). 
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Gaseous sulfur dioxide has been detected on a number of other planetary bodies. For 
example, on Jupiter’s moon, Io, SO2(g) is emitted by large explosive eruptions and 
contributes to a transient S-rich atmosphere (Pearl et al., 1979; Kumar, 1985; Lellouch et 
al., 1996; McGrath et al., 2000; Spencer et al., 2000; Doute, 2002; Moses et al., 2002). 
SO2(g) occurs as a minor volcanogenic gas species in the atmosphere of Venus, where it 
may play an important role in the alteration of the planet’s surface (Zolotov, 2018). On 
Mars, SO2(g) has not been observed directly, but the regolith and dust are rich in oxidized 
sulfur (e.g., Berger et al., 2016), suggesting that past volcanic eruptions were rich in SO2(g) 
(Gaillard and Scaillet, 2009; King and McLennan, 2010). Because SO2(g) dominantly forms 
in volcanic eruptions, it may be a good proxy for past or ongoing volcanic activity in 
planetary and exoplanet atmospheres (Hu et al., 2013; Misra et al., 2015). Reactions 
between gases, including SO2(g), and solids occurring in the solar system are discussed by 
Zolotov (2018). 
In this chapter we discuss observations from gas-solid experiments where SO2(g) is reacted 
with aluminosilicate glasses. The understanding of SO2(g) reactions with glasses is 
important because of their ubiquity in volcanic systems (Ayris et al., 2013; Delmelle et al., 
2018) and their abundance on planetary surfaces due to impact processes (Schultz and 
Mustard, 2004). We discuss the chemistry, mineralogy and texture of the reaction products, 
as well as provide insights into reaction mechanisms.  
5.2 Glass properties 
Silicate glasses are an ideal substrate material to study gas-silicate reactions because they 
are amorphous, which avoids complications from mineral orientation effects. To provide 
context for SO2(g) reactions with glass, we refer the reader to King et al. (2018) for a review 
of the basic reactions between SO2(g) and silicate minerals. 
Aluminosilicate glasses are dominated by Si4+ and Al3+ cations that are tetrahedrally-
coordinated by O2- anions and termed tetrahedral cations (T) (Mysen and Richet, 2005). 
The T cations (in some cases including Ti4+ and Fe3+) form a range of Si-O units (e.g., 
[SiO4]4-, [Si2O7]6-, [Si6O18]12-, [Si4O11]6-, [Si2O5]2-, [SiO2]). These units are polymerized to 
form a network linked by a distribution of bond lengths and bond angles with a lack of 
long-range order. Monovalent and divalent cations (e.g., Na+, K+, Mg2+ and Ca2+) have a 
role as network modifiers and/or charge compensators and do not contribute to the 
tetrahedral network (Mysen et al., 1982; Mysen and Richet, 2005). 
The structural arrangement of atoms in a silicate glass is of great importance for the 
physical properties, including structure and degree of polymerization, viscosity, glass 
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transition temperature and diffusion rates (Dingwell, 2006). The main variable affecting 
glass properties is the concentration of network-forming cations, the most abundant of 
which are Si4+ and Al3+. Network-forming cations exhibit a low mobility and their self-
diffusivities are a function of the melt’s viscosity and can be described by the Eyring 
equation (Dingwell, 1990). Relative to network formers, network modifiers have 
diffusivities that are orders of magnitude higher (Dingwell, 1990). More recently, the 
identification of charge compensating cations (e.g. Na, K, Ca) in simple glasses has shown 
that these elements may move in channels, which allows a more complex element mobility 
(Le Losq et al., 2017).  
Temperature plays an important role in element mobility (Zhang, 2010) and in glasses, the 
glass transition temperature is a key reference point.  The glass transition is the temperature 
range below which the amorphous structure is locked in and becomes unrelaxed and the 
material behaves as a solid. As a consequence, configurational changes do not occur on a 
measurable scale below the glass transition temperature and the energetically most 
favorable state is not reached (Mysen and Richet, 2005). The glass transition is a function 
of the relaxation of the network of Si-O units and hence of the lifetime of the bonds (e.g., 
Webb, 1997). The temperature range from 600 to 850 °C, at which SO2(g) reactions with 
silicate glasses have been performed experimentally (Table 5-1 and 5-2), is near the glass 
transitions of these systems (Martens et al., 1987; Knoche et al., 1992). Consequently, 
minor changes in the temperature conditions may affect the reaction rates and mechanisms 
considerably when the glass transition is crossed. 
5.3 Experimental techniques 
Experiments reacting SO2(g) with silicate glasses have been performed with both open and 
closed systems. Early experiments were performed in closed systems, in respect to the 
glass, in sealed silica tubes where SO2(g) was produced via the decomposition of K2S2O8. 
The decomposition of this compound forms SO2(g) and O2(g) (Johnson and Burnett, 1993; 
Li et al., 2010) via Equation 5-1: 
𝐾2𝑆2𝑂8(𝑠) → 𝐾2𝑂(𝑠⁡𝑜𝑟⁡𝑔) + 2𝑆𝑂2⁡(𝑔) + 1.5𝑂2(𝑔)    Equation 5-1 
In reaction 1, K2O occurs as either a solid or gas species dependent on temperature and 
pressure (e.g., Muan and Osborn, 1965).  As the sample is cooled, solid K2O may be 
deposited in the tube and on the silicate sample. Removal of K2O as a solid from the 
experimental system, will tend to favor the reaction:  
2𝑆𝑂2⁡(𝑔) + 𝑂2(𝑔) → 2𝑆𝑂3(𝑔)      Equation 5-2 
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This reaction lowers the fugacity of SO2(g), creating an environment where SO3(g) is an 
important reactant and the reaction products are changed.  Thus, to examine pure SO2(g), it 
is necessary to trap or remove the O2(g) if the gases are produced via Equation 5-1 (Burnett 
et al., 1997).  
Monitoring of the SO2(g)/SO3(g) in the gas phase is important because SO3(g)-mineral 
reactions follow the general form: 
𝑆𝑂3(𝑔) +𝑀𝑂_𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 → 𝑀𝑆𝑂4 + 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒    Equation 5-3 
where M is a cation (e.g., Ca, Mg, Na, and Fe) and S remains in the 6+ state.  In contrast, 
in SO2(g)-mineral reactions, where S4+ in the gas phase disproportionates into 6+ and 
reduced sulfur (e.g., S2-, a reduced sulfur radical, S- or S0), the reaction follows the form 
(modified after Burnham, 1979): 
2𝑆𝑂2⁡(𝑔) +𝑀𝑂_𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 → 𝑀𝑆𝑂4 + 𝑆𝑟𝑒𝑑𝑢𝑐𝑒𝑑 + 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒(+𝑜𝑥𝑖𝑑𝑒) Equation 5-4 
To avoid the issues associated with K2S2O8 decomposition, recent experiments used 
commercial SO2(g) as the gas source (Tables 5-1 & 5-2; King et al., 2018 and references 
therein).  A Gibbs Free Energy minimization calculation reveals that SO2(g) is not pure at 
equilibrium conditions, even under the assumption that the gas source is pure. We used the 
software package HSC8 by Outotec, which is based on the JANAF database (Chase, 1998). 
The most abundant trace gas species in equilibrium with SO2(g) are SO3(g), SO(g) and S2(g) 
(Figure 5-1). All trace species have abundances of less than 10-5 mole fractions in the 
temperature range relevant to studies involving the reaction of SO2(g) (600-850 °C, see 
Tables 5-1 & 5-2). The oxygen fugacity of this gas mixture is approximately at the 
magnetite-hematite buffer in the temperature range relevant to the experiments discussed 
here. It has been noted that the equilibration of the gas species in this system (SO2(g), SO3(g), 
O2(g)) is relatively slow (Luthra and Worrell, 1979). Therefore, actual abundances of trace 
gases may be even lower in these experiments because at the high flow rates of 20-50 cm3 
per minute, equilibrium speciation in the gas phase may not be attained. Changes in the 
composition of the gas during the reaction have not been determined in any experiment and 
the oxygen fugacities have not been measured.  
Solid glass for experiments is best polished prior to reactions with SO2(g) so that the run 
products are easier to examine and to minimize artefacts. For example, gas-solid reactions 
are sensitive to the surface area, and so cracks and scratches may result in a higher degree 
of reaction. Furthermore, irregularities on the surface may act as nucleation points for 
sulfate formation on the surface (Figure 5-2, Burnett et al., 1997). Additional details on 
experimental setups are given in King et al. (2018 and references therein).  
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Figure 5-1: Equilibrium speciation of SO2(g) at 1 bar and temperatures from 500 to 1300 
°C. The speciation was calculated using a Gibbs Free Energy minimization approach 
based on the JANAF database (Chase 1998) using the program HSC8 from Outotec. SO2(g) 
dissociates to SO3(g), SO(g), O2(g) and sulfur allotropes, the most prominent of which are S2(g) 
and S3(g). The mole fraction of O2(g) is equivalent to its oxygen fugacity (fO2) under the 
condition of ideal gas behavior (see also Zolotov & Fegley, 1999). 
 
Figure 5-2: Scanning electron microscopy images of surface coatings (view from top) 
formed in reactions between SO2(g) and glasses. a) Well crystallized platy CaSO4 crystals 
formed on a tephrite glass reacted for 1 hour at 800 °C with gas mixture of 1% SO2(g), air 
and He gas (Figure provided by Paul Ayris, Ayris et al., 2013). b) Discontinuously 
distributed Na2SO4 grains on a soda-lime glass reacted with SO2(g) for 21 days at 600 °C. 
The large crystals cover a scratch in the unreacted glass surface, which resulted in a higher 
surface area and an associated higher degree of reaction (Used by permission of the 
American Geophysical Union, from Burnett et al., 1997, Journal of Geophysical Research, 
Vol. 102, Fig. 5, p. 19378). 
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5.4 SO2(g) reactions with Fe-free silicate glasses 
As indicated above, sulfur has many different valence states. This means that there can be 
considerable complexity in reactions between SO2(g) and multivalent cations, such as Fe, 
the most abundant multivalent element in most magmatic systems (Schreiber, 1987). We 
therefore separate our discussion of experiments into either Fe-free or Fe-bearing glasses. 
5.4.1 Mineralogy of phases formed on Fe-free glass substrates 
Table 5-1 summarizes experiments on SO2(g) reacted with synthetic Fe-free glasses from 
both the literature and our laboratory.  Compositions include glasses in the albite-anorthite-
diopside (Ab-An-Di) system, Fe-free basalt, soda-lime (Na-Ca-silicate) glass, and albite-
orthoclase glass. Temperature conditions range from 600-850 °C and experimental 
durations vary considerably from 1 to1366 hours.  The run products include Na-, Ca- and/or 
Mg-sulfates. 
The observation and determination of the mineralogy of products formed in SO2(g) 
experiments is challenging due to small grain sizes (Dalby et al., 2018; Palm et al., 2018). 
Reaction products may have grain diameters of tens of nanometers, which are far below 
the resolution of conventional methods such as Raman spectroscopy or energy dispersive 
X-ray spectroscopy. When the reaction products are thinner than the analytical volume of 
the method used, the signal includes both the reaction product and the silicate substrate. 
Such reaction products require high resolution techniques such as transmission electron 
microscopy, atom probe microscopy, surface sensitive analysis (e.g., X-ray photoelectron 
spectroscopy) or thin film approaches such as grazing angle techniques or depth profiling 
(Dalby et al., 2018; Palm et al., 2018). 
As the majority of reaction products from SO2(g)-silicate reactions are sulfates, a brief 
overview of sulfate phase relations is necessary (see also King et al., 2018 and references 
therein). At elevated temperatures, sulfates ultimately decompose into oxides and SO3(g) 
(Stern, 2001). For example, MgSO4 decomposes at temperatures above 900 °C and CaSO4 
above 1200 °C (Rowe et al., 1967; Du, 2000). In addition to thermal decomposition some 
sulfates may also vaporize at high temperatures (e.g. 𝑁𝑎2𝑆𝑂4(𝑠) = 𝑁𝑎2𝑆𝑂4(𝑔)) (Stern and 
Weise, 1966). At 600-800 °C, at which most SO2(g)-reaction experiments have been 
performed (see Table 5-1 and 5-2), some of the sulfates form limited solid solutions. The 
degree of solid solubility of Na2SO4 in CaSO4 is poorly understood as experimental data is 
limited. In turn, Na2SO4 dissolves up to 35 mol.% of CaSO4 and Na2Ca(SO4)2 (glauberite) 
also forms (Freyer and Voigt, 2003). Similarly, it also dissolves MgSO4 although in a more 
limited temperature range. Na2SO4 and K2SO4 form a complete solid solution from 600 to  
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Figure 5-3: Discontinuous sulfate coating on glass surfaces reacted with SO2(g). a) SEM 
image (view from top) of the discontinuous Na2SO4 coating on an albite glass surface 
reacted with SO2(g) at 600 °C for 1 hour. The sulfate grains show facets. Individual crystals 
are commonly connected to one or more surrounding grains forming small clusters. b) A 
schematic cross-section showing how in the case of discontinuous coatings parts of the 
silicate glass surface remain exposed to the gas phase allowing the reaction to proceed. In 
this type of reaction, the diffusion of cations in the glass to the surface is the rate controlling 
mechanism. 
800 °C. CaSO4 and MgSO4 do not form solid solutions. Instead, the binary system includes 
the phase CaMg3(SO4)4 (Rowe et al., 1967; Du, 2000); this phase has not been reported in 
any SO2(g) experiment (Table 5-1). In these experimental studies the reporting of sulfates 
has generally identified only the pure end-member phases.  
The interpretation of sulfate textures formed in SO2(g) reactions can be challenging due to 
the hydrophilic nature of the materials. Magnesium sulfate in particular readily hydrates, 
forming a large range of phases with various degrees of hydration (Wang et al., 2006). It is 
therefore crucial to protect experimental samples from water vapor after the reaction (e.g., 
in a desiccator or under controlled atmosphere). Even so, sulfates textures may evolve with 
time during sample storage and hydrate in air (Dalby et al., 2018).  
5.4.2 Textures of sulfate coatings on Fe-free glass substrates 
The textures of sulfates observed on Fe-free glasses vary strongly with the glass 
composition and experimental conditions. The sulfates form on the surfaces and are coating 
the glasses. In the oxidation community these types of reaction products are termed scales 
(Birks et al., 2006), but we use the term coating, which is consistent with the use in the 
geological literature. Sulfate surface coatings fall into two distinct categories of continuous 
and discontinuous coverage. Electron microscopy images of these textures are shown in 
Figures 5-2, 5-3, 5-4 and 5-5. Discontinuously distributed sulfates commonly display 
distinct crystal facets (Figure 5-2, 5-3). A secondary electron images of a sulfate texture 
with discontinuous coverage is shown from an experiment with albite glass (Figure 5-3a, 
600 °C, 1hour).  
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Figure 5-4: Continuous sulfate coatings observed on the surfaces of some Fe-free glasses. 
a) SEM image of the anhydrite coating on an anorthite glass surface reacted with SO2(g) at 
800 °C for 1 hour. b) Backscattered electron image of the coating on an Fe-free basalt 
glass reacted with SO2(g) at 700 °C for 24 hours. The brighter euhedral grains are 
anhydrite, whereas the darker material is MgSO4 which was partially hydrated in air after 
the experiment. c) Schematic drawing of the reaction forming continuous coatings. After 
initial coating the glass is no longer directly exposed to the gas, such that an additional 
mechanism is required to transport the gas and/or the cations through the coating for 
ongoing sulfate formation. When growth occurs within the coating the grains accumulate 
stress which can result in the deformation of the coating (see Figure 5-5). The outward 
diffusion of cations results in a depletion in the glass which can cause destabilization, and 
in some nucleation and crystallization near the surface.  
This type of discontinuous coating occurs on albite glasses reacted with SO2(g) at 600-
800 °C and experimental durations of 1 hour and 24 hours (Table 5-1). Similarly well-
defined sulfate crystals have been observed on soda-lime and obsidian glasses (Burnett et 
al., 1997). The mechanism of sulfate growth in the case of discontinuous coatings is 
relatively simple, because the glass surface remains exposed to the gas throughout the 
reaction as illustrated in Figure 5-3. 
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Figure 5-5: Images a, b and c show SEM images of deformed continuous anhydrite 
coatings on Fe-free glasses. The coatings shown in a and c were formed on the eutectic 
An36-Di64 glass reacted at 800 °C for 24 hours. Image b shows the coating of anhydrite on 
an Ab73An27 glass reacted at 700 °C for 24 hours. The drawings d, e and f schematically 
represent how the respective textures imaged in a, b and c developed.  All of the textures 
are the result of stress accumulation within the coating due to internal sulfate growth as 
shown in Figure 5-4. In the first case, whiskers can be formed by epitactic overgrowth at 
grain boundaries and triple junctions (a and d). In the second case, laterally expanding 
crystals in the coating have bent upwards at grain boundaries resulting in the imaged 
“chicken-wire” texture (b and e). A third texture type forms as thick polycrystalline sulfate 
layers continue to grow they detach from the glass surface and wrinkle and buckle (c and 
f). 
In experiments where the temperatures approach the thermal stability of the sulfates, the 
individual sulfate “islands” are poorly crystallized and can be polycrystalline and flakey in 
texture (Johnson and Burnett, 1993). Formed in sealed silica glass tubes, such sulfates may 
be the product of deposition from the gas phase or the quench product of a sulfate melt 
(Johnson and Burnett, 1993). In experiments where these textures formed in a gas-furnace 
under a high SO2(g) flux, and at temperatures below the liquidus temperature of the sulfate, 
the formation as quench products is not possible and the textures are likely due to very high 
sulfate nucleation rates which exceed the rates of grain growth. 
Continuously-distributed sulfate coatings occur on a range of Fe-free experiments, 
including Fe-free basalt and glasses in the Ab-An-Di ternary system. Anhydrite is 
commonly distributed in a single layer of equigranular columnar grains, such as on 
anorthite glass (Figure 5-4a, 800 °C, 1h). For Fe-free basalts, the surface material consists 
of a mixture of CaSO4 and MgSO4. The back-scattered electron image (Figure 5-4b) of Fe-
free basalt glass (700 °C, 24h) shows areas of darker MgSO4, partially hydrated after the 
experiment, and rhombohedral anhydrite grains. The textures of the continuous coatings 
have many similarities with coatings formed during the oxidation in a range of systems, 
such as aluminum oxide scales on metal alloys (Hsueh and Evans, 1983; Evans et al., 1983; 
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Tolpygo and Clarke, 1998a, b; Chason et al., 2013). A comparison of the sulfate coatings 
with extensively studied oxide coatings is valuable as it allows an interpretation of the 
mechanism that form these coatings.  
In experiments where continuous coatings form, the silicate glass is no longer directly 
exposed to the gas after the initial formation of the sulfate coating. Ongoing reaction 
requires a transport mechanism through the coating. Consequently, there are three possible 
growth pathways. First, if the reactive gas diffuses very fast through the sulfate, the reaction 
occurs at the interface between the sulfate and the silicate glass, below the coating. This 
type of mechanism commonly occurs during the oxidation of metals, where oxygen 
migrates through the oxide coating to the interface between the coating and the pristine 
metal (Evans et al., 1983). If a similar mechanism operates in SO2(g)-substrate reactions we 
would expect a continuous outward displacement of the previously formed sulfate. Such 
an outward expansion would result in cracks in the coating around edges of the silicate 
glasses, which are not observed in any experiment. Second, if the cations diffuse rapidly 
through the coating, growth would occur at the surface interface between the sulfate and 
the gas. In this case growth would occur continuously across the surface and deformation 
of the coating would be avoided. This texture has not been observed in any experiments 
recorded in the literature. In a third possible mechanism, cations and the gas phase migrate 
at a comparable rate through the sulfate layer. In this case the reaction and growth occur 
within the sulfate coating, most easily at grain boundaries (Figure 5-4c). This growth 
mechanism results in the accumulation of stress in the coating. The dissipation of this stress 
results in three different possible deformation textures (Figure 5-5).  First, because transport 
of cations and SO2(g) most easily occurs along grain boundaries (Figure 5-4c), newly-
formed sulfate would accumulate at grain boundaries preferentially (Figure 5-5d). This 
epitactic overgrowth would continue to such an extent that it results in the formation of 
protrusions such as whiskers and hillocks. These features are indicated in Figure 5-5a for a 
reacted eutectic An-Di glass. The formation of whiskers and hillocks extending from 
coatings is also observed in thin film materials where strain is localized, and the growth of 
materials is focused outwards by diffusive transport. For example, tin whiskers are 
commonly observed growing out of intermetallic coatings (Sobiech et al., 2009; Chason et 
al., 2013). Second, where grains extend laterally and stress is not focused on a small area, 
individual sulfate crystals can be bent upwards at grain boundaries to form a chicken-wire 
texture (Figure 5-5b and e) (Tolpygo and Clarke 1998b; Clarke, 2003). Third, entire 
polycrystalline sulfate layers can wrinkle and buckle due to internal stress and expansion 
(Figure 5-5c and f). This type of texture occurs when the rate of growth is very high (Clarke, 
2003). For example, such a coating is shown in Figure 5-5 with extensively deformed 
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buckles. Within experimental durations, the volume between the buckled coatings and the 
substrate is not infilled with additional sulfate material, although this may occur over much 
longer durations. Similar deformation processes resulting in buckled coatings are observed 
in oxide coatings formed in gas-alloy reactions (Evans et al., 1983; Clarke, 2003; Birks et 
al., 2006). The presence of diverse deformation textures formed by continuous sulfate 
coatings on glasses reacted with SO2(g) (Figure 5-5) strongly implies that these coatings 
indeed grow internally as illustrated in the schematic drawing in Figure 5-4c. Independent 
of the mechanisms by which the sulfates grow, the reaction results in a volume increase in 
the run products. In natural sub-volcanic systems this may result in the filling of veins as 
the gas passes through and reacts with the surrounding rocks (Henley et al., 2017).  
In summary, in the case of continuous sulfate coatings SO2(g) and cations need to migrate 
into the sulfate coating, where new sulfate forms preferentially at grain boundaries (Figure 
5-4). This process results in an increase of the coating volume and commonly causes 
deformation in the coating. Deformation textures observed in experiments include 
whiskers, chicken-wire textures, and buckling and wrinkling of the coating (Figure 5-5). 
The degree of deformation increases with increasing amount of sulfate formed. 
5.4.3 Compositional changes in the Fe-free glass substrate  
The mineralogical investigation of the coatings formed by reactions of SO2(g) with Fe-free 
silicate glasses has shown that Ca-sulfates are the dominant reaction products. The 
observed variation of sulfate phases formed as a function of temperature and relative to the 
glass transition temperature underlines the importance of the role of the substrate 
composition on the overall reaction mechanism and reaction rates. For example, the sulfate 
reaction products have mole% Ca/(Ca+Mg) that generally exceed the mole% Ca/(Ca+Mg) 
in the reactant anorthite-diopside glasses ((Ca/(Ca+Mg))diopside = 0.5, (Ca/(Ca+Mg))anorthte = 
1). In the anorthite-diopside system at 600 °C the sulfate reaction products are relatively 
enriched in Ca by 20-40%. At 800 °C, above the glass transition temperatures of all An-Di 
glasses except for the anorthite endmember, this fractionation effect is much stronger and 
only minor or trace amounts of Mg are detected in the sulfate reaction products. The mole% 
Ca/(Ca+Mg) at 800 °C is near 1 in the sulfate formed on all anorthite-diopside glasses. This 
means that Ca preferentially moves out of the glass to form the sulfates and Mg is relatively 
retained in the glass, as discussed further below. 
The reaction of SO2(g) with a silicate glass requires the mobilization of alkali or alkaline 
earth metals to form sulfates at the reaction interface. As the relative abundances of Ca and 
Mg in the sulfate reaction products vary both with temperature relative to the glass 
transition and also with the composition of the unreacted glasses diffusional transport 
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mechanisms appear to be important rate controlling factors. The reaction at the surface 
causes chemical potential gradients which drive mass fluxes. As Ca moves to the surface, 
additional chemical potential gradients result in the interior of the silicate requiring charge 
compensation which causes compositional and structural changes, in some cases resulting 
in crystallization. If the diffusion of Ca is a rate-limiting factor of the overall reaction, then 
the rate of sulfate formation must also change with experimental duration. This change in 
the diffusivities of sulfate-forming cations with experimental duration is very poorly 
constrained and requires future experimental work.  
The loss of charge-compensating cations and network-modifying cations from the glass to 
the surface may require charge balancing. In systems without multivalent elements 
available to change the valence state to accommodate a change in the electrochemical 
environment, charge balancing may occur via four different mechanisms. First, anions can 
co-diffuse with the outward fluxing cations. Second, charge compensation can occur via 
the counter diffusion of electron holes.  Third, charge compensation can occur via the 
counter diffusion of negatively-charged sulfur.  Fourth, Al3+ may adapt its coordination and 
partially become a network-modifier with five- and six-fold coordination (Neuville et al., 
2006; Le Losq et al., 2014). There is much work to be done to demonstrate how these 
different charge balancing mechanisms behave in different materials. 
Nucleation and growth of crystallites due to structural changes of the glass induce further 
chemical potential gradients and affect the diffusivities of the diffusing cations. The 
interplay of these processes during reactions of SO2(g) with the silicate surface can result in 
complex textures that reflect the ongoing nature of the reactions and may result in phase 
assemblages which are out of equilibrium, both in the surface coating and in the silicate. 
Crystallization in the substrate at the surface, in Fe-free glasses, has only been observed at 
or near the glass transition temperature. It has been documented in three experiments at 800 
°C with diopside glass (Tg = 722 °C), An15Di85 glass (Tg = 729 °C) and An48Di52 glass (Tg 
= 760 °C), where diopside crystallized at the interface. When crystallization occurs at the 
reaction interface the overall reaction rate may be affected significantly and additional 
variables such as crystal structure, orientation and grain size distribution require 
consideration in the future (see King et al., 2018).  
5.5 SO2(g) reactions with Fe-bearing glasses 
5.5.1 Mineralogy of phases formed on Fe-bearing glass substrates 
The reaction products formed on Fe-bearing glasses include CaSO4, MgSO4, Na2SO4, 
Na2Ca(SO4)2, K2SO4, Al2(SO4)3, FeSO4, hematite, magnetite and Ti-bearing oxides (Table 
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5-2). These phases have been determined by a range of direct and indirect methods 
including SEM, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier 
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron 
microscopy (TEM), nanoSIMS and leachate solution analysis (Johnson and Burnett, 1993; 
Burnett et al., 1997; Li et al., 2011; Ayris et al., 2013).  Examples of these analyses are 
described in more detail in Dalby et al. (2018) and Palm et al. (2018). 
Early experiments between SO2(g) and Fe-bearing glasses provided variable of results, in 
part due to Equation 5-2 listed above. Johnson and Burnett (1993) used a 1:1 mixture of 
SO2(g) and O2(g) that likely formed SO3(g) (Equation 5-2) compared to pure SO2(g) in a sealed 
silica tube used by Burnett et al. (1997). In the first case, the reaction products include a 
large range of different sulfates (Ca, Mg, Na, K, Fe and Al) in all three experiments, as 
summarized in Table 5-2.  
The studies by Johnson and Burnett (1993) and Burnett et al. (1997) used the same glasses 
for their experiments, including a chondrule glass, obsidian and Kilauea basalt (Table 5-2). 
As described above, the presence of K-sulfate in some experiments by Johnson and Burnett 
(1993) is likely due to reaction with K from the starting K2S2O8 used to produce the gas 
phase. Burnett et al. (1997) were able to demonstrate the presence of reduced sulfur using 
photoelectron spectroscopy (XPS) on experimental products of disproportionation 
reactions with pure SO2(g), but the sulfide phases were not directly determined. The 
experiments using pure SO2(g) resulted in significantly smaller amounts of reaction 
products, with CaSO4 on the chondrule glass, very small amounts of Fe-sulfate on the 
obsidian and no detected reaction products on the Kilauea basalt (Burnett et al., 1997).  
Ayris et al. (2013) used a gas mixture which is closer to a naturally occurring mixture in 
explosive volcanic eruptions, consisting of a small quantity of SO2(g), air and He(g). They 
used glass substrates with tephrite, phonolite, dacite, and rhyolite compositions. In the 600-
800 °C range, CaSO4 is the only phase observed on the surface of any of the glasses (Ayris, 
2010; Ayris et al., 2013) (Table 5-2). At 300-600 °C, there was no detected reaction on the 
rhyolite glass yet the other glasses were coated with CaSO4 and the tephrite glass also had 
minor amounts of Na2SO4. In the 0-300 °C range no reaction products were detected on 
any of the tested glass compositions after one hour.  
On natural glasses, these authors found that the initial rates of reaction are very high, with 
sulfate detected by leachate analysis on the glass surfaces at 800 °C within 30 seconds. This 
high rate of SO2(g) uptake in the first minute is due to fast adsorption onto the surface. This 
is followed by lower reaction rates, which are controlled by diffusive transport of Ca2+ from 
the interior of the glass to the surface. Overall, the amount of reaction increases with the 
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Ca-concentration in the glass (Ayris et al., 2013). The textures observed by Ayris et al. 
(2013) on glasses reacted at 800 °C for 1 hour show discontinuously distributed, faceted 
CaSO4 crystals with diameters ranging from few hundred nanometers to 5 μm. The textures 
are comparable to those observed on soda-lime, albite and diopside glass (see Figure 5-2 
and 5-3; Burnett et al., 1997). The texture in Figure 5-2 also underlines the importance of 
polishing the glass surface exposed to the reacting gas. The presence of a scratch results in 
an increasing degree of nucleation and formation of sulfate (Figure 5-2; Burnett et al., 
1997). 
Li et al. (2010) used the same experimental setup as Johnson and Burnett (1993), 
conducting experiments with crystalline basalts. At 600 °C they observed CaSO4, whereas 
at 850 °C they observed an assemblage of CaSO4, MgSO4 and Fe2O3 (Li et al., 2010). 
Similar multi-phase assemblages were observed on basalt glasses reacted with SO2(g) (Table 
5-2).  
CaSO4 and Na2SO4 and Fe2O3 were the major products with lesser MgSO4, Fe3O4 and Fe-
Ti-oxides, in the case of both tholeiitic basalt glasses at 700 °C for 1 hour and 24 hours, 
and alkali basalt glass at 800 °C for 1 hour (Table 5-2). These tholeiitic basaltic glasses 
included a series where the Fe3+/Fe2+ was set at a range of values by pre-equilibrating the 
melt at different fO2 conditions (Dufresne et al., 2015). The unreacted glasses had molar 
Fe3+/Fe2+ = 0.08 (pre-equilibrated 1.5 log-units in fO2 below the Ni-NiO buffer (NNO-1.5)) 
to 0.54 at one log-unit in fO2 above the Ni-NiO buffer (NNO+1) (Dufresne et al., 2015).  
The coating mineral assemblages depend on the Fe3+/Fe2+ ratios in the unreacted glasses, 
the temperature and the experimental duration. Examples of the textures formed at 700 °C 
under a stream of SO2(g) for 24 hours are shown in Figure 5-6. In all three examples, CaSO4 
is the predominant sulfate phase in the coatings. The glass pre-equilibrated at NNO-1.5 is 
continuously coated with a mixture of Ca- and Mg-sulfate and very small sub-micron Fe-
oxides. In the short experiment of 1 hour, the coating also included some Na2SO4. Glasses 
pre-equilibrated at NNO and NNO+1 show large CaSO4 crystals with lengths of up to 100 
µm (Figure 5-6). The coating on the glass pre-equilibrated at NNO further includes dark 
areas of MgSO4, smaller amounts of Na2SO4 and Fe2O3 in between the CaSO4 crystals. At 
NNO+1 the coating includes a fine-grained mixture of Na2SO4 and micron-sized hematite  
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Figure 5-6: Back-scattered electron images of coatings formed on Fe-bearing basaltic 
glasses which were pre-equilibrated at different fO2. The textures and assemblages vary 
considerably as a function of the pre-equilibration. The observed phases are labelled as: 
gl.: substrate glass; Ca: CaSO4; Mg: MgSO4; Na: Na2SO4; hem: Fe2O3; FeTi-ox: Fe-Ti-
oxide. All three textures are not continuous and in some areas parts of the glass substrate 
can be observed (gl.). a) Tholeiitic basalt (NNO-1.5, 700 °C, 24h) is coated with CaSO4 
(forming brighter crystals, Ca), hydrated MgSO4 (in darker greys, Mg), and sub-micron 
sized Fe-oxides (hem and FeTi-ox). b) Tholeiitic basalt (NNO, 700 °C, 24h), coated with 
large columnar CaSO4 (Ca), hydrated MgSO4 (darker grey in the lower left corner of the 
image, Mg), Na2SO4 (Na) in between CaSO4 and mixed into the MgSO4, and Fe2O3 (bright 
white, hem). Some Fe-oxides contain significant amounts of Ti (FeTi-ox). c) Tholeiitic 
basalt (NNO+1, 700 °C, 24h) coated with large columnar CaSO4 (Ca), fine-grained 
Na2SO4 (Na) mixed with sub-microns sized Fe-oxides, and larger Fe-oxides (hem) 
including some Fe-Ti-oxides (FeTi-ox). No MgSO4 occurs in this coating. 
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crystals (Figure 5-6c). Larger oxide crystals also occur, including some Fe-Ti-oxides on 
the CaSO4 crystals and minor amounts of Al in some Fe-Ti-oxide grains (Figure 5-6). Small 
grains of MgSO4 were observed on the NNO+1 sample after 1 hour, whereas no MgSO4 
was detected after 24 hours. 
In addition to Fe2O3 the more reduced magnetite (Fe3O4) mineral has been observed in the 
coatings of basalt glasses pre-equilibrated at the iron-wüstite redox buffer (Palm et al., 
2018). The dominant sulfate phase in these experiments is Na2Ca(SO4)2 (glauberite) with 
significant amounts of CaSO4. The results from these experiments reacting basalt at 800 °C 
are described in detail as a case study in the chapter by Palm et al. (2018).  
In summary, phase assemblages of the coatings formed by the reaction of SO2(g) with Fe-
bearing basalt glasses vary as a function of the composition and the Fe3+/Fetotal of the glass 
prior to the reaction with SO2(g) (Table 5-2). The sulfates observed in the coatings are 
CaSO4, MgSO4, Na2SO4 and Na2Ca(SO4)2. The oxides observed in the coatings are 
hematite, magnetite and Ti-bearing oxides. Future work will be required to determine the 
mechanisms which control the phases formed in SO2(g) reactions with Fe-bearing basalt 
glasses.   
5.5.2 Textures of sulfate coatings on Fe-bearing glass substrates 
All experiments produced by reacting SO2(g) with Fe-bearing glasses have discontinuous 
coatings (Figure 5-6, Burnett et al., 1997; Ayris et al., 2013). After one hour at 700 °C the 
coatings cover up to 80% of the surface area of the glass. The coverage increases with time 
reaching more than 90% after 24 hours. The texture of the sulfate-coating on the tholeiitic 
basalt pre-equilibrated at NNO-1.5 reacted at 700 °C for 24 hours (Figure 5-6a) is very 
similar to that on the Fe-free basalt reacted at the same temperature and for the same amount 
of time (Figure 5-4b). Both figures show backscattered electron images with similar well-
crystallized CaSO4 grains with sub- and anhedral Mg-sulfates which partly hydrated after 
the experiments. Only a few gaps occur in the coatings, exposing the substrate and they are 
usually surrounded by CaSO4 crystals (Figure 5-6a). The CaSO4 have diameters of less 
than 2.5 μm.  
The coatings on the more oxidized basalts (NNO and NNO+1) reacted at 700 °C for 1 hour 
and 24 hours share the feature of well crystallized large euhedral anhydrite grains. The 
large anhydrite grains usually show a distinct cleavage perpendicular to the longest axis of 
the grains. As anhydrite has the best cleavage in the (001)-plane (Tröger, 2017), the longest 
axis of the grains in the coatings are the crystallographic c-axis of anhydrite (Figure 5-6). 
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After one hour, Mg- and Na-sulfates form very fine-grained textures, with grain-sizes of 
few microns on the glasses pre-equilibrated at NNO and NNO+1. The Mg-sulfates form 
equant shaped grains, whereas the Na-sulfates have needle-shaped habits which are 
commonly twinned. The Na-sulfates usually occur as patches surrounding elongated 
CaSO4 grains. The metal oxides are most frequently found lining the edges of these sulfate 
patches.  
After 24 hours the CaSO4 grains are up to five times larger compared to coatings on 1-hour 
experiments. Individual crystals of CaSO4 are no longer isolated and there are gaps in-
between crystals which are largely filled by other phases. On the glass pre-equilibrated at 
NNO, Mg-sulfate (where present) occurs in large patches which partially overgrow and 
surround the CaSO4 grains. The Na2SO4 lines the edges of the CaSO4 grains. In this coating, 
metal oxides reach grain sizes of more than 20 µm (Figure 5-6b). In the coating formed on 
the most oxidized glass (NNO+1) Na2SO4 patches tend to overgrow the CaSO4 grains 
(Figure 5-6c). The metal oxides are either found as micron-sized needles in the Na2SO4 
patches, or as large Fe-oxides (commonly Ti-bearing) between sulfates and on top of large 
CaSO4 grains.  
In comparison with the textures observed on Fe-free glasses, the coatings formed by 
reactions between SO2(g) and Fe-bearing glasses are significantly different. CaSO4 is the 
dominant phase in most Fe-bearing and Fe-free systems, but the grain morphologies and 
sizes are very different. On Fe-bearing glasses, CaSO4 forms large grains with diameters 
of up to tens of microns (Figure 5-2, Figure 5-6), whereas on Fe-free glasses CaSO4 usually 
forms continuous coatings with small grain sizes of up to several microns (Figure 5-4, 
Figure 5-5). The large CaSO4 grains in coatings on Fe-bearing glasses are, in some cases, 
associated with various other phases including sulfates and oxides (Figure 5-6), whereas in 
other cases CaSO4 remains the only phase detected in the coatings (Table 5-2, Ayris et al., 
2013). This diversity of textures and assemblages shows that more work is needed to 
constrain the processes which control the textures and assemblages formed in reactions 
between SO2(g) and Fe-bearing aluminosilicate glasses.  
5.5.3 Compositional changes in the Fe-bearing glass substrate 
Reaction products are also found in the glass substrate in layers or dispersed near the 
interface with the gas and sulfate coating. For example, chondrule glass substrates produced 
a region rich in silica and a Na-Ca-Mg-Al silicate, possibly clinopyroxene, in the glass 
below the CaSO4 coating (Johnson and Burnett, 1993; Burnett et al., 1997). Ayris et al. 
(2013) used transmission electron microscopy energy-dispersive X-ray spectroscopy 
(TEM-EDS) to show that the reacted tephrite (Figure 5-2) and phonolite glasses are  
5-116 
 
 
Figure 5-7: NanoSIMS maps of major elements in a cross-section of a tholeiitic basalt 
(NNO, 700 °C, 24h). The dashed line shows the location of the interface between the 
basaltic glass to the right and the sulfate coating to the left. a) Si: The network-forming 
cation remains in the glass and is possibly slightly enriched just beneath the surface, 
whereas it is not detected in the coating. b) Ti: Ti is not detected in the coating material in 
this cross-section, even though Ti-bearing Fe-oxides were observed in the coating. c) Mg: 
Mg is predominantly retained in the glass substrate. Mg-rich zones occur as rings 
surrounding more depleted Fe-rich nuclei.  d) Fe: Fe forms spherulites which are relatively 
depleted in Ti, Mg and Ca, but slightly enriched in Na. The number of spherulites increases 
toward the original surface of the glass (dashed line). This cross-section has not sampled 
a Fe-oxide grain in the coating. e) Na: Na is a major component of the coatings and is also 
enriched in the substrate towards the surface. f) Ca: Ca is depleted in the glass substrate 
with decreasing concentrations towards the surface and enriched in the coating. 
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depleted in Ca near the surface. This depletion supports the assumption that Ca diffusion 
in the glass is the rate controlling step in the sulfate-forming reaction. The cross-section of 
the tephrite glass shows the nanometer scale nucleation of a silicate phase, identified as the 
clinopyroxene augite by X-ray diffraction (Ayris et al., 2013). Palm et al. (2018) also 
observed the crystallization of clinopyroxene in an alkaline basalt glass reacted with SO2(g) 
at 800 ºC. 
Reactions between tholeiitic basalt glasses and SO2(g) record considerable complexity in 
these non-equilibrium reactions. For example, a cross-section through the sulfate-rich 
coating on a tholeiitic basalt glass, pre-equilibrated at the NNO buffer is shown in Figure 
5-7. The images are maps of major elements obtained by nanoscale secondary ion mass 
spectrometry (nano-SIMS, see Palm et al., 2018). The network-forming cations Si and Ti 
show small or negligible concentration gradients across the interface from the coating into 
the glass. In some instances, SiO2 needles form in the reacted glass substrate near the 
surface. Magnesium and Fe are strongly depleted within the outermost two microns of the 
glass and show an increase within 20 µm of the surface. The degree of nucleation of Mg- 
and Fe-rich phases varies considerably between the experiments although consistently 
crystallization occurs along a gradient of increasing crystal density towards the reaction 
surface (Figure 5-7). The main sulfate-forming cation is Ca, as reflected by a high relative 
count rate in the surface layer. The glass substrate is accordingly depleted in Ca. Sodium 
shows a very different behavior because it partitions into the sulfate coating but is also 
enriched in the near-surface silicate substrate (Figure 5-7). 
5.6 Discussion 
In this section, we discuss the reaction mechanisms and possible rate-limiting steps in gas-
glass reactions. Since Ayris et al. (2013) found that reactions were most efficient above 
600 ºC, we focus the discussion on experiments in the temperature range of 600-800 ºC. 
First, we discuss the observation from experiments with Fe-free aluminosilicate glasses. 
Second, we discuss Fe-bearing systems, in which redox reactions play an important role. 
For this reason, we will examine the variables SO2(g) and O2(g) and their effect on the 
reaction products in the coatings and the altered glass substrates.  
In all experiments recorded in the literature, in which SO2(g) was reacted with Ca-, Mg- and 
Na-bearing aluminosilicate glasses, the sulfate reaction products are relatively enriched in 
Ca relative to the unreacted bulk glass composition, hence Ca migrates out of the glass 
more than Mg. This is the case for both Fe-bearing and Fe-free systems. As pointed out, 
the sulfates almost entirely consist of CaSO4 on An-Di glasses reacted at 800 ºC, whereas 
at 600 ºC some MgSO4 is present. CaSO4 has lower Gibbs Free Energies of formation than 
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MgSO4 from 25 ºC to >1500 ºC, making it a more stable phase. At 600 ºC calculated Gibbs 
Free Energies of formation are -1558.7 kJ/mol for CaSO4 and -1372.3 kJ/mol for MgSO4, 
and at 800 ºC they are -1608.5 kJ/mol for CaSO4 and -1418.1 kJ/mol for MgSO4 (Chase, 
1998). The differences in the Gibbs Free Energies of formation are -186.4 kJ/mol at 600 ºC 
and -190.4 kJ/mol at 800 ºC. These data show that CaSO4 is thermodynamically more stable 
than MgSO4, but the presence of MgSO4 at 600 ºC, and not at 800 ºC, cannot be ascribed 
to the thermodynamic properties. Thermodynamic properties of the sulfates are discussed 
in more detail in King et al. (2018 and references therein) and applied to reactions in 
planetary environments and on Venus in Zolotov (2018).  
If the rate-limiting factor is diffusion in the glass substrate, supplying cations to the surface 
for the formation of sulfate, we can expect that the cation with the larger diffusion 
coefficient is relatively more abundant in the sulfate reaction products. To our knowledge 
there is no data on the diffusivities of Ca and Mg in anorthite-diopside glasses, but in albite 
and jadeite glasses at 800 ºC the tracer diffusivities of the cations follow the order of DNa > 
DCa > DMg (Roselieb and Jambon, 2002). The same relationship likely holds for the 
compositionally similar anorthite-diopside glasses and diffusivities in the glass follow 
𝐷
𝐶𝑎2+
𝑔𝑙𝑎𝑠𝑠
 > 𝐷
𝑀𝑔2+
𝑔𝑙𝑎𝑠𝑠
. The enrichment of Ca in the sulfate compared to Mg appears to depend 
on the temperature, relative to the glass transition, with a higher mobility for Ca than Mg. 
This suggests that the substrate properties control the supply of cations and the amount of 
reaction products formed. Further work is needed to unravel the relative mobilities of the 
sulfate-forming cations as a function of temperature, composition and properties of the 
reactants.  
We posit that network-modifying cations which are not charge-compensating are the most 
easily mobilized as a function of temperature or due to chemical potential gradients, as 
imposed by gradients in gas-solid and redox reactions. In the absence of systematic studies 
on the relative diffusivities of Ca and Mg in aluminosilicate glasses we draw on our 
experimental results. The high relative mobility of Ca indicates that it is less strongly bound 
in the glass aluminosilicate network than Mg, or that it is more readily mobilized by 
reaction with SO2(g). This distinction may be explained by the difference in the ionic field 
strengths of the cations. The ionic field strength is the ratio of the valence of the cation over 
the squared effective ionic radius for a given coordination number. The calculated ionic 
field strengths for 6-fold oxygen coordination are 3.86 for Mg and 2 for Ca (Shannon, 
1976), which suggests that Mg may form stronger bonds with non-bridging oxygens and is 
more likely to be retained in the glass to charge compensate Al3+ and Fe3+ cations. This 
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interpretation remains speculative and will require further experimental work on simple 
glasses in the future. 
5.6.1 Role of the fugacities of SO2(g) and O2(g) on reactions with 
silicate glasses 
The reaction between SO2(g) and silicate glasses is thermodynamically expected to form 
sulfates and sulfides due to the disproportionation of S4+ in the gas molecule to S6+ in the 
sulfate and S2- in a sulfide or gas phase (Equation 5-4). However, the description of the 
experimental reaction products from a range of different studies has shown that sulfides are 
rarely observed (only with XPS), both in Fe-free and Fe-bearing systems. Fe occurs in 
hematite in experiments with tholeiitic basalts (Figure 5-6), thus a high oxygen fugacity 
seems to be a plausible mechanism, prohibiting the formation of sulfides. If the reacting 
SO2(g) is in equilibrium, the speciation calculation shown in Figure 5-1 can be used to 
establish the oxygen fugacity (fO2) of the gas phase (logfO2 = -12.1 at 700 °C), assuming 
that the gases mix in an ideal manner. This calculated value is uncertain due to high gas 
flow rates (up to 50 standard cm3 per minute) which likely ensures that SO2(g) remains the 
dominant species and logfO2 may be lower. Second, the zone in the furnace at which the 
experimental temperature of 700 °C is reached is small, so that equilibrium in the gas is 
unlikely. 
Understanding the fO2 in Fe-bearing experiments is of importance because this variable 
controls the stability of different Fe-oxide phases. The phase relationship in the system Fe-
S-O is commonly shown as a function of fO2 and fS2 (Hall, 1986). Here instead we calculate 
the phase relations using thermodynamic data (Chase, 1998) to recast the relationship as a 
function of fSO2 and fO2(g) (Figure 5-8). It should be noted that the thermodynamic 
calculations assume activities of unity in both the reactant and the product. This is not the 
case and results in uncertainties in applying the experimental results to the calculated phase 
boundaries. 
The Ni-NiO fO2-buffer (NNO) is shown in Figure 5-8, at logfO2=-16.3 (O’Neill and 
Pownceby, 1993). This is 4.7 orders of magnitude below the fO2 of the calculated 
magnetite-hematite buffer above which the oxides are placed in the coatings of the reacted 
tholeiitic basalt glasses pre-equilibrated near NNO (Figure 5-8). An even greater overall 
oxidation is required in the reaction of SO2(g) with alkali basalt glasses pre-equilibrated at 
the iron-wüstite buffer, where both magnetite and hematite were observed in the coatings 
(see Palm et al., 2018). 
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Figure 5-8: Phase relationships in the system Fe-S-O as a function of fSO2 and fO2 at 
700 °C and 1 bar. Fe-phases observed in coatings of SO2(g) experiments are Fe2O3 in most 
cases and assemblages including both Fe2O3 and Fe3O4 (Palm et al. 2018) as indicated by 
the box at logfSO2 near 0. The figure also shows the logfO2 of the NNO redox buffer relative 
to which some of the reacted basalt glasses were pre-equilibrated. The geometric 
relationship of the phase boundaries remains constant with temperature. At 700 °C and 1 
bar the fugacities of minor gas species in equilibrium with SO2(g) (see Figure 5-1) are 
logfO2=-12.1, logfS2=-7, logfS3=-11.4, logfSO3=-5.7, logfSO=-6.1 and logfS2O=-6.5. The 
calculations were made using the package HSC8 by Outotec based on the JANAF database 
(Chase 1998). 
Therefore, SO2(g) reactions with Fe-bearing silicate glasses are characterized by chemical 
potential gradients imposed by the sulfate-forming reaction (Equation 5-4) and by redox 
reactions (Figure 5-8). This combination in gradients creates a system which is highly out 
of equilibrium, forcing the reaction to be more effective.  
Burnett et al. (1997) were the only authors who reported the observation of Fe-sulfate, on 
an obsidian sample reacted with SO2(g) at 850 °C, based on XPS spectra and optical 
microscopy. In a reaction with pure SO2(g) Fe-sulfates are not predicted thermodynamically 
(Figure 5-8). Overall, the reaction with obsidian produced very small amounts of reaction 
product on the surface, likely due to the low concentrations of Na2O (3.80 wt.%), CaO 
(0.52 wt.%) and FeO (1.02 wt.%), and the high concentrations of Al2O3 (12.32 wt.%) and 
SiO2 (76.45 wt.%) (Burnett et al., 1997). As traces of the same Fe-bearing phase were 
observed in an Fe-free experiment with an Ab-An-Di glass, where the observation was 
interpreted as a contamination (Burnett et al., 1997), the same contamination may also 
explain the observation on the obsidian sample.  
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Figure 5-9: Schematic drawings of the reaction between gases and Fe-bearing silicate 
glasses at 700 °C and 1 bar. a) SO2(g) reaction results in the formation of sulfate and oxide 
coatings. The oxidation of Fe in the glass occurs via the inward diffusion of electron holes 
and the outward diffusion of alkali and alkaline earth cations, forming the sulfates. The 
glass subsurface is relatively enriched in Si and Al (network-forming cations) due to the 
diffusive loss of other cations. The change in the chemical composition of the glass results 
in the crystal nucleation near the glass surface. b) O2(g) reaction with Fe-bearing silicate 
glasses requires the outward diffusion of alkaline earths and inward diffusion of electron 
holes. Na diffuses into the oxidizing surface layer to stabilize tetrahedrally coordinated 
ferric iron. Insufficient charge balancing of ferric iron can result in the destabilization of 
the glass and the nucleation of oxides and silicates (Cook et al. 1990; Cooper et al. 1996b, 
a; Cook and Cooper 2000; Burkhard 2001). 
Iron is the most abundant multivalent cation in natural aluminosilicates. In glasses and 
melts the redox state of iron affects its coordination state in the amorphous network and 
physical properties including viscosity and liquidus temperatures (Farges et al., 2004; 
Wilke, 2005). As indicated above, SO2(g) reactions with Fe-bearing aluminosilicate glasses 
result in the formation of Fe-oxides in the coatings and also affect the redox state of Fe in 
the glass substrates. With ongoing reaction physical properties of the glasses affected by 
the redox state of iron are expected to change accordingly. Therefore, it is important to 
investigate the mechanism of oxidation here.  
The oxidation of Fe2+ in a silicate melt or glass may occur via several different kinetic 
pathways. The pathway which reduces the chemical potential gradient of oxygen the fastest 
is the dominant mechanism for Fe2+ oxidation. In hydrogen-bearing systems the diffusion 
rate of free H2 is very high. The hydrogen is bound in the form OH-groups following the 
oxidation reaction of ferrous to ferric iron (Gaillard et al., 2003). When studying reactions 
between gases and Fe-bearing glasses it is therefore important to determine if hydrogen is 
present in the system, as it can significantly affect redox reactions.  
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In a hydrogen-free system, three redox pathways are possible. First, molecular O2 may 
diffuse through the glass to increase the cation/oxygen ratio, or ionic O2- and charge-
compensating electron holes can co-diffuse to decrease the chemical potential gradient 
(Magnien et al., 2008; Wendlandt, 1991). In both cases the cation/oxygen ratio changes in 
response to the redox gradient. Second, divalent and monovalent cations move to the 
surface, balanced by the counter-diffusion of electron holes (h˙) (Figure 5-9b) (Magnien et 
al., 2008). It has been shown that molecular and ionic oxygen diffusion is very slow in 
super-cooled melts and aluminosilicate glasses (Cook et al., 1990; Cooper et al., 1996b, a; 
Magnien et al., 2008; Cochain et al., 2013; Cooper, 2018). For example, there is negligible 
uptake of atmospheric oxygen by oxidizing and reheating Kilauea basalt glasses at 
temperatures below 1200 °C (Burkhard, 2001). The third pathway dominates when the 
diffusivities (D) of monovalent/divalent cations and electron holes are considerably faster 
than the diffusivities of molecular and ionic oxygen, and if the system is hydrogen-free 
(subscripts denote diffusing species): 
𝐷𝑂2 , 𝐷𝑂2− ≪ 𝐷𝑀+ , 𝐷𝑀2+ ≪ 𝐷ℎ˙      Equation 5-5 
In the case of oxidation of crystalline oxides, for which the same principle of cation 
diffusion is valid, the diffusion of monovalent and divalent cations to the surface is charge-
balanced by the inward diffusion of cation vacancies, particularly along dislocations 
(Schmalzried, 1983; Ostyn et al., 1984; Schmalzried and Backhaus-Ricoult, 1993). In 
crystalline materials electron holes are the equivalent of Fe3+ cations occupying the sites of 
Fe2+ cations (Cooper et al., 1996a; Cooper, 2018). 
In aluminosilicate glasses with multivalent transition metals electron holes are mobile. For 
example, Fe2+ easily releases an electron, or in other words takes up an electron hole. The 
material behaves like a semiconductor for electron holes, as they can jump between 
transition metals almost instantaneously (Cooper et al., 1996a; Cook and Cooper; 2000; 
Cooper, 2018). Due to this high mobility, electron holes do not create an electrochemical 
potential gradient and their flux is not rate-limiting. The chemical potential gradient of 
oxygen from the surface to the interior results in the flux of monovalent and divalent cations 
to the surface, expressed as: 
𝑗𝑀2+ =
𝑐
𝑀2+
𝐷
𝑀2+
2𝑅𝑇
∙
𝑑𝜇𝑂2
𝑑𝜉
       Equation 5-6 
where 𝑗𝑀2+ is the flux of divalent cations to the surface, 𝑐𝑀2+ is its concentration, 𝐷𝑀2+ is 
the self-diffusion coefficient, R is the gas constant, T is temperature in K and 
𝑑𝜇𝑂2
𝑑𝜉
 is the 
chemical potential gradient of oxygen with 𝜉 being the distance variable (Cooper et al., 
1996a; Cook and Cooper, 2000; Cooper, 2018). This relationship is fundamental for the 
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oxidation mechanism and shows the dependence of cation diffusion on the chemical 
potential gradient of oxygen (Cooper et al., 1996a; Cook and Cooper. 2000; Cooper, 2018). 
As the major element abundance in the oxidizing surface layer is changed by the loss of 
cations to the surface, the physical properties of the silicate change also. Consequently, the 
diffusion coefficients are not constant with time (Schmalzried. 1983). 
A significant property of the reaction morphology of the oxidation of silicate glasses and 
super-cooled melts is the nucleation of oxides between the surface and the oxidation front 
if tetrahedrally coordinated Fe3+ is not sufficiently charge compensated (Figure 5-9b; Cook 
et al., 1990; Cooper et al., 1996b; Cook and Cooper. 2000). If, for example, sufficient Na 
is available as a charge compensator, nucleation of oxides in the glass is avoided. This is 
observed as an enrichment of Na in the oxidized glass layer. In this case, the oxidation front 
coincides with a Na-front (Cook et al., 1990; Cook and Cooper. 2000; Burkhard. 2001). In 
the absence of sufficient charge compensating alkalis the glass structure is no longer stable 
and oxides nucleate homogeneously (Cooper et al., 1996a, b; Cook and Cooper. 2000; 
Cooper, 2018). The nanoSIMS maps (Figure 5-7) of a cross section through a tholeiitic 
basaltic glass pre-equilibrated at the NNO oxide buffer and reacted for 24 hours at 700 °C 
show such an enrichment of Na near the surface in the glass substrate. The Na enrichment 
was not sufficient to charge-balance the oxidizing and reacting glass, which resulted in the 
nucleation of Fe-rich spherulites, surrounded by Mg-rich phases (Figure 5-7).  
The reaction mechanism of SO2(g) with Fe-bearing silicate glasses and supercooled melts is 
comparable with that of oxidation. In both cases divalent cations diffuse to the surface due 
to a chemical potential gradient (Figure 5-9). In the case of the SO2(g) reaction (Figure 5-9a) 
gradients in fSO2, fS2 and other gas species (see Figure 5-1) occur in addition to a gradient 
in fO2. In the absence of S-bearing species diffusing divalent cations (Ca and Mg) form 
oxides near the surface (Cooper et al., 1996a; Cook and Cooper, 2000; Cooper, 2018). In 
the presence of SO2(g) the cations react to form sulfates and oxides. Due to the high fSO2 of 
the experimental gas (Figure 5-1 and 5-8) it is likely that the cation diffusion is 
predominantly due to the driving force of the reaction in Equation 5-3 and only secondarily 
due to the effect of oxidation as described by Cooper et al., (1996a). The relative 
importance of these mechanisms remains to be determined experimentally.  
5.6.2 Reaction rates 
The depletion of cations in the glass substrate, due to the formation of sulfates and oxides 
on the surface, can result in the destabilization of the glass, resulting in the nucleation and 
crystallization of oxide and silicate phases (Figure 5-4 and 5-9). Crystal growth can impose 
additional chemical potential gradients and affect the mobility of cations in the glass and 
5-124 
 
their availability to form surface coatings. Crystallization near the surface can also act as a 
barrier for further diffusion of cations to the surface, and thus become reaction limiting.  
The rate at which the reaction between SO2(g) or O2(g) with a glass occurs can be described 
by three different rate laws, depending on which mechanism is rate-limiting. First, if the 
surface reaction is rate-limiting, then the law is linear and the rate is independent of time. 
This initial chemisorption reaction (Henley et al., 2015) is not likely the rate controlling 
mechanism because experimental work has shown that significant amounts of sulfate form 
almost instantaneously within few minutes (Ayris et al., 2013). Second, if the reaction 
occurs at low temperature resulting in a very thin oxide layer, it follows a logarithmic law, 
which is not the case in high-temperature gas-solid reactions either. Third, if the reaction 
is diffusion controlled (Figure 5-4 and 5-9) and the transport mechanisms are rate-limiting, 
the rate follows a parabolic law and is inversely proportional to the square root of time 
(Birks et al., 2006): 
 
𝑑𝜉
𝑑𝑡
=
𝑘ʹ
𝜉
         Equation 5-7 
Integrated: 
𝜉 = √2𝑘ʹ𝑡        Equation 5-8 
where 𝑘ʹ is the parabolic rate constant. The parabolic rate constant is an intrinsic property 
dependent on the cation flux, composition, concentration gradient, thermodynamic driving 
force and temperature and is derived experimentally (Pieraggi, 1987; Cooper et al., 1996a; 
Monceau and Pieraggi, 1998; Birks et al., 2006; Cooper, 2018). 
The rates of sulfate formation have been determined by leaching the coatings in solution 
and measuring the concentration of the leached material as a function of the amounts of 
reacted solids. Ayris et al. (2013) measured the molar amount of sulfur as a function of the 
weight of reacted volcanic ash. After initial SO2(g) adsorption, the formation of CaSO4 is 
limited by the diffusion of Ca from within the ash particles to the surface. Accordingly, 
they calculate a diffusion coefficient for Ca2+ (𝐷
𝐶𝑎2+
𝑔𝑙𝑎𝑠𝑠
) assuming constant diffusion rates 
and solving Fick’s first law of diffusion for ideal spherical ash particles (Ayris et al., 2013). 
Diffusion rates are greatest in the tephrite glass (𝐷
𝐶𝑎2+
𝑡𝑒𝑝ℎ𝑟𝑖𝑡𝑒⁡𝑔𝑙. = ⁡6.5 × 10−14), followed by 
phonolite glass (𝐷
𝐶𝑎2+
𝑝ℎ𝑜𝑛𝑜𝑙𝑖𝑡𝑒⁡𝑔𝑙. = ⁡1.8 × 10−12), dacite glass (𝐷
𝐶𝑎2+
𝑑𝑎𝑐𝑖𝑡𝑒⁡𝑔𝑙. = 3.7 × 10−13) 
and rhyolite glass (𝐷
𝐶𝑎2+
𝑟ℎ𝑦𝑜𝑙𝑖𝑡𝑒⁡𝑔𝑙. = 8.7 × 10−13). These diffusion coefficients apply to the 
first minutes of the reaction after SO2(g) adsorbs onto Ca-O surface sites. 
As the reaction proceeds, between SO2(g) and silicate glasses, significant amounts of sulfate 
can be formed. Consequently, the glasses become increasingly depleted in Ca, Mg or Na, 
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depending on the system. As the network-forming cations (Si, Al) are not extracted by the 
reaction, the glass becomes increasingly Si- and Al-rich. This change in the chemical 
composition within the near-surface glass affects the rates at which the divalent and 
monovalent cations can diffuse and be extracted. For example, the rate of sulfate formation 
in reactions between SO2(g) and silicate glasses in the anorthite-diopside system is an order 
of magnitude higher within the first hour of reaction compared to the following 23 hours. 
As pointed out in the context of the oxidation of metal alloys (Schmalzried, 1983), diffusion 
coefficients are not constant in these systems and evolve with time. Furthermore, SO2(g)-
silicate glass reactions frequently result in the nucleation of crystallites in the sub-surface 
glass. This has been observed in Fe-free and Fe-bearing glass of a various compositions as 
indicated in Figures 5-4, 5-7 and 5-9 (Ayris et al., 2013).  It is for these reasons, that none 
of the rate laws, including parabolic rate laws, sufficiently describe the reaction rates of 
SO2(g) with silicate glasses. Future work needs to develop kinetic models that encapsulate 
the complexity of the reaction mechanisms.  
5.7 Summary and outlook 
In summary, reactions between SO2(g) and silicate glasses with diverse compositions have 
been observed to form significant amounts of sulfate over short time frames of few minutes 
to an hour at 600-800 °C (Ayris et al., 2013; Delmelle et al., 2018). In Ca-bearing systems, 
the reaction products primarily consist of CaSO4 coatings on the glass surfaces and 
associated Ca-depleted glass substrates. In the presence of other di- and monovalent 
cations, in particular Na and Mg, Ca remains the main sulfate-forming cation. Other 
sulfates, including MgSO4, Na2SO4 and Na2Ca(SO4)2 have been observed in some 
experiments, but they usually occur in lesser abundance than CaSO4. Experimental studies 
with natural volcanic ash samples, synthetic Fe-free glasses and natural Fe-bearing glasses 
collectively suggest that the reaction rates and compositions of the reaction products are a 
function of the physical properties of the reacting glasses, and in particular the mobility of 
different cations in the glasses. In Al3+- and Fe3+-bearing systems some monovalent and 
divalent cations are preferentially retained in the glass to charge-balance the tetrahedrally 
coordinated Al3+ and Fe3+.  Calcium appears to be less strongly bound to the amorphous 
network than Mg and Na and is more easily mobilized to form CaSO4 coatings. The 
reactions are further complicated where Fe3+tot increases (Fe2+ is oxidized to Fe3+) with time 
due to oxidation, gradually requiring more charge compensation.  
The complexities underline the importance of future experimental investigations. In 
particular, reaction rates at different stages of the reaction remain under-determined. 
Another open question relates to what physicochemical properties and mechanisms control 
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the mobility or retention of alkali and alkaline earth metals in the aluminosilicate glasses. 
Recently, Le Losq et al. (2017) have shown that percolation channels control the mobility 
of alkali metals in aluminosilicate glasses and melts. Similar structural properties may also 
control the mobility of alkaline earth metals in aluminosilicate glasses, and their transport 
to the surface to form sulfates as described in this chapter. A better understanding of these 
structural properties is of fundamental importance for the interpretation of reactions 
between aluminosilicate glasses and reactive gas species such as SO2(g).  
Experimental observations summarized in this chapter were all made at room temperature. 
However, a number of these observations may be affected by the cooling paths of the 
samples at the end of the experiments. For example, the nucleation of crystalline phases 
near the reacting surface may occur during quench. Furthermore, some salts formed in these 
experiments can go through phase transitions as they are cooled to lower temperatures (e.g. 
Na2SO4). Others such as MgSO4 are prone to hydration or may recrystallize at room 
temperatures. These mechanisms may result in textural, mineralogical and chemical 
changes between experiment and analysis. Experiments investigating gas-solid reactions in 
situ are therefore essential to better constrain these secondary processes.  
In systems which contain multivalent elements, in particular Fe, the oxygen fugacity is an 
important variable. It varies in the glasses during the reactions, but also in the gas phase 
and in the resulting coatings. Future interpretations would benefit from fO2 monitoring 
during experiments and the understanding of the reactions will improve with the 
determination of Fe3+/Fe2+ and S6+/S2- across the reaction interface after the experiments, 
for example with XANES, which additionally provides information about the coordination 
of Fe in the glasses (Wilke et al., 2007 and 2011).  
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6 Conclusions 
This chapter provides a brief summary of the research presented in this thesis. The main 
conclusions and their implications are discussed. Finally, I discuss some implications for 
planetary volcanism and highlight where more research is needed. 
6.1 Volcanic gases on Earth and on the Moon 
On Earth, volcanic gases can be observed and sampled in situ or by remote using 
spectroscopic data. The composition of volcanic gases sampled at the surface is accordingly 
well constrained. This is not the case for past volcanism on the Moon, where volcanic 
activity peaked before 3 Ga (Heiken et al., 1991). Nevertheless, ancient well preserved 
volcanic materials, such as the ~3.6 Ga old orange and green glasses on the Moon (Heiken 
et al., 1991), can keep a record of the composition of volcanic gases from long extinct 
volcanic activity. I used volatile abundances measured in lunar pyroclastic glasses (Saal et 
al., 2008; Wetzel et al., 2015) to calculate the bulk composition of lunar volcanic gas.  
Compared to a terrestrial volcanic gas, such as from Erta Volcano in Ethiopia (Zelenski et 
al., 2013; de Moor et al., 2013), the lunar gas is three times richer in C and up to 10 times 
richer in S, whereas it has lower H and Cl concentrations (Table 2-1). The lunar volcanic 
gas is significantly more reduced at an oxygen fugacity (fO2) of approximately two orders 
of magnitude below the iron-wüstite buffer (IW-2), whereas the volcanic gas from Erta Ale 
has an oxygen fugacity of IW+3.6. Furthermore, the lunar gas was emitted at significantly 
higher temperatures above the liquidus temperature of the orange and green picritic glasses 
(1448 °C; Delano, 1990), whereas the gas from Erta Ale was sampled at 1084 °C (Zelenski 
et al., 2013; de Moor et al., 2013).  
My thermochemical calculations show that such a lunar volcanic gas is dominated by a 
range of different species, including near-equal abundances of CO(g), S2(g) and H2(g) at 
emission conditions of 1450 °C and 0.1 bar and during decompression and cooling to 
conditions at < 800 °C and 10-6 bar (Figure 2-2). This is in contrast to previous studies 
suggesting that lunar volcanic gas was predominantly consisting of CO(g) (Fegley, 1991; 
Fogel and Rutherford, 1995; Sutton et al., 2005; Rutherford and Papale, 2009; Nicholis and 
Rutherford, 2009; Elkins-Tanton and Grove, 2011). Sulfur dioxide is the third most 
abundant gas species in the volcanic gas from Erta Ale, whereas it has a very low abundance 
in the lunar volcanic gas with 1.5 x 10-6 mole fractions at 1000 °C and 1 bar.   
The diverse range of hydrogen species in the lunar gas (H2(g), HF(g), HCl(g), H2S(g) and 
H2S2(g)) suggests that a similar diverse range of species may occur as diffusing species in 
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the picritic glasses and melts. As these species have variable diffusivities the simple 
modeling of hydrogen diffusion in the picritic glasses and melts as H2 or H2O may not be 
accurate. 
In addition to the speciation of the main volatile elements (H, O, C, Cl, S and F) in the 
volcanic gases from the Moon and Erta Ale, I calculated the speciation of the metals Zn, 
Ni, Ga, Pb, Cu and Fe in these gases (Figures 2-3, 2-4, 9-1, 9-2, 9-3 and 9-5). The metals 
are transported in the gas as chlorides, sulfides and elemental gas species. In comparison, 
the terrestrial volcanic gas from Erta Ale can transport larger amounts of all six investigated 
metals (Figure 2-5). This is mainly due to the three times higher concentration of Cl in the 
volcanic gas from Erta Ale, which increases the abundance of metal-chloride gas species. 
The metals are deposited from the lunar volcanic gas mainly as sulfides and native metals 
(Figure 2-3), whereas the metal phases deposited from the Erta Ale volcanic gas also 
include oxides and some chlorides (Figure 2-4). This is in good agreement with 
observations of sulfide and native metal coatings orange and green glass beads (McKay 
and Wentworth, 1992), as well as from fumarole deposits at Erta Ale volcano (Zelenski et 
al., 2013). 
6.2 Gas-solid reactions between SO2(g) and basalt glasses 
6.2.1 Summary of experimental results 
Experiments reacting SO2(g) with Fe-free and Fe-bearing basaltic glasses at 600 – 800 °C 
show a near-prevalence of anhydrite (CaSO4) as the dominant coating phase formed on the 
glasses. This observation is in agreement with Ayris et al. (2013), who exclusively observed 
CaSO4 on phonolite, dacite and rhyolite glasses reacted with SO2(g) at 300 – 800 °C, with 
only very minor amounts of Na2SO4 together with CaSO4 on a tephrite glass reacted with 
SO2(g) at 300 – 600 °C. In my experiments I observe a more complex and diverse range of 
reaction products in the coatings including CaSO4, MgSO4, Na2SO4, Fe2O3 and Fe-Ti-
oxide.  
6.2.1.1 Experiments with Fe-free glasses 
First, experiments with Fe-free glasses in the system Anorthite-Diopside reveal that not 
only the glass composition and the abundance of Ca in the glass control the formation of 
sulfate coatings, but also that the temperature and the glass properties play an essential role. 
Below the glass transition temperature (Tg) the total amount of sulfate formed increases 
with the abundance of anorthite component in the glass. Above Tg at 800 °C, the amount 
of sulfate increases with decreasing Tl – Tg, where Tl is the liquidus temperature. Hence, 
the eutectic glass is reacted the fastest and forms the largest amount of sulfate in the coating 
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(Figure 3-10). The rate of reaction is controlled by the mobility of the sulfate-forming 
cations in the glass, which changes at Tg. 
The temperature also controls the composition of the sulfate, 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒
. The following two 
relationships are observed:  
1) 𝑋𝐶𝑎
𝑠𝑢𝑙𝑓𝑎𝑡𝑒 > 𝑋𝐶𝑎
𝑔𝑙𝑎𝑠𝑠
 
2) 𝑋𝐶𝑎,800⁡°C⁡⁡⁡
𝑠𝑢𝑙𝑓𝑎𝑡𝑒 > 𝑋𝐶𝑎,600⁡°C
𝑠𝑢𝑙𝑓𝑎𝑡𝑒
 
Significant amounts of Mg-sulfate are only observed at 600 °C (below Tg), whereas at 
800 °C the sulfate almost exclusively consists of anhydrite. Finally, Na2SO4 was only 
observed on the albite endmember glass in the Fe-free experiments.  
6.2.1.2 Experiments with Fe-bearing glasses 
The Fe-bearing tholeiitic basalt glasses are pre-equilibrated at oxygen fugacities relative to 
the Ni-NiO buffer (NNO) of NNO-1.5, NNO and NNO+1. The reaction products in 
experiments with SO2(g) at 700 °C show a dependency of the reaction products on the 
Fe3+/Fetot ratio. In these experiments CaSO4 is always accompanied by either MgSO4, 
Na2SO4 or both. With increasing Fe3+/Fetot the abundance of the sulfates shifts. In the case 
of the NNO-1.5 experiment the coating consists of CaSO4 and MgSO4, at NNO the coating 
consists of CaSO4, MgSO4 and Na2SO4, and at NNO+1 the coating consists of CaSO4 and 
Na2SO4, lacking MgSO4.  
I propose that the formation of these different sulfates is controlled by the role which the 
cations have in the glass structure. Tetrahedrally coordinated Fe3+ and Al3+ in the basalt 
glasses require charge balancing by di- or monovalent cations. As the tholeiitic glasses are 
reacted with SO2(g) the Fe3+/Fetot ratio increases, requiring more charge compensation. The 
degree of oxidation is the largest in the case of the glass pre-equilibrated at NNO-1.5. In 
this case, Na remains in the glass as a charge compensating cation. 
The oxidation of the glass is an important part of the reaction with SO2(g). The outward 
diffusion of the sulfate-forming cations is charge balanced by the inward diffusion of 
electron holes (Figure 5-9). Iron oxidizes from Fe2+ to Fe3+, which may change the role in 
the glass structure from a network modifying cation to a tetrahedrally coordinated network 
forming cation. Accordingly, an alkali or alkaline earth metal is required as a charge 
balancing cation. This is observed in some experiments where Fe and Na are correlated in 
the modified and oxidized zone of the basalt glass. 
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6.2.2 Implications  
Fast SO2(g) scavenging by the reaction with aluminosilicates occurs primarily at high 
temperature above Tg. This limits the temperature window in which SO2(g) can be 
scavenged in large explosive eruptions onto volcanic ash particles to a minimum of 600 °C 
depending on the glass composition (Figure 1-2). It is not possible to estimate the amount 
of potential SO2(g) scavenging onto glassy volcanic ash based on the concentration of Ca. 
The degree of reaction and the reaction products depend on the structure of the reacted 
silicates and the structural role of the sulfate-forming cations (Ca, Mg, Na) in the silicate. 
The experimental results show that the reaction of SO2(g) with basaltic glasses can mobilize 
several major elements including Ca, Mg, Na, Fe and Ti. Where silicates are exposed to 
SO2(g) at high temperature for longer periods of time or repeatedly, the silicates can become 
significantly depleted in these elements. Such a process occurs in the subvolcanic 
environment (Figure 1-2), where large volumes of reactive gas can alter rocks significantly, 
resulting in compositions which are highly enriched in SiO2 and Al2O3.  
As outlined in the introduction, basaltic rocks and high temperature SO2(g) play or have 
played significant roles in the volcanic processes on Mars, Venus and Io. Remote sensing 
and robotic missions to these planetary bodies should therefore look for traces of such gas-
solid reaction products. For example, on Io high abundance of Na and S on the planetary 
surface has been suggested to be the product of the reaction between SO2(g) and silicate 
materials (Johnson and Burnett, 1993; Burnett et al., 1997). The experimental results 
presented here suggest that these Na-S rich materials may be the reaction product of SO2(g) 
and a moderately oxidized basalt. The formation of Na2SO4 as a reaction product does not 
require uncommonly high Na-concentrations in the reactant. It may form where Na is not 
retained in the glass as a charge compensating cation. 
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6.3 Future work 
It is important to better quantify the diffusivities of volatile species in silicate melts and 
glasses. Depending on the speciation the diffusivities vary and hence affect the estimation 
of volatile loss from a glass or melt to the gas phase such as in the case of lunar volatiles. 
Future experiments may also address how the metals are complexed by volatile elements 
(H, S, Cl and F) in the gas phase, and how this complexation affects the volatility and 
degassing behavior of trace metals from silicate melts at lunar and terrestrial conditions. 
Volcanic gases are a major component of global volatile and metal cycles, linking the 
Earth’s sub-surface with the atmosphere and hydrosphere. There is some evidence to 
indicate that transport of metals in the gas phase may control isotopic fractionation of 
metals from melts. Gannoun et al. (2015) show that radiogenic Re is more volatile than 
non-radiogenic Os, resulting in isotopic fractionation during magmatic degassing. 
Experimental quantification of metal degassing, and associated isotopic fractionation, is of 
importance for models concerned with the rate and mechanisms of ore deposit formation 
and the impact of toxic metals on the environment in volcanically active regions, but also 
the isotopic evolution of magma systems with gases. Similarly, such experiments are 
required for volcanic conditions on the Moon and the other terrestrial planets Mercury, 
Venus and Mars.  
All gas-solid experiments presented here were conducted with SO2(g) without controlling 
the fO2. Gibbs Free Energy minimization calculations suggest that the resulting fO2 in these 
experiments is just above the magnetite-hematite buffer in the stability field of hematite. 
These are appropriate conditions for fO2 and fSO2 conditions on Earth, but not for 
conditions as they occur or occurred on other terrestrial planetary bodies in the solar system 
(Figure 4-14).  
To constrain the mineralogy of phases formed via the reaction of volcanic gases and 
silicates it is crucial to control additional variables such as fO2 in future experiments. This 
will allow predictions about mineral phases on the surfaces of other planetary bodies with 
active volcanism or volcanic histories including Mars, Mercury, Venus, Io and the Moon.   
To improve the understanding of the reaction mechanisms future experiments will greatly 
benefit form in situ analysis. In situ experiments will improve the time resolution providing 
insight into how the reaction rates evolve. The extensive chemical alteration of the reacted 
glasses affects the diffusive mobility of the cations in the glass, resulting in a nonconstant 
reaction rate. 
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The experiments show that the role of the alkali and alkaline earth metals in the glass 
structure affects their potential incorporation into sulfate reaction products. A better 
understanding of the role of these elements in the structure of glasses and the mechanisms 
and rates at which they diffuse in the glasses will significantly improve the interpretation 
and predictability of gas-solid reactions between glasses and gases such as SO2(g).  
Finally, some of the major elements preferentially partition into the sulfate and oxide 
reaction products (e.g. Ca, Mg, Na, Fe, Ti), whereas others are retained in the altered glass 
(e.g. Si, Al). A similar chemical fractionation may affect the distribution of trace elements 
(Palm et al., 2018). This is of particular importance for chemical systems which are used 
for age dating such as Rb-Sr, U-Pb, Sm-Nd or K-Ca. For example, in a preliminary study, 
Palm et al. (2018) have shown that Pb partitions into the sulfate-oxide coating in the 
reaction between a basalt glass and SO2(g) at 700 °C, whereas U is retained in the glass. 
Additional experimental work on the partitioning of major and trace elements in gas-solid 
reactions is therefore required. 
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8 Appendix to Chapter 2 
Gibbs Free Energy minimization calculations were performed using the software HSC8 
(Outotec, 2015). The thermochemical data includes temperature conditions from 50 to 
20000 K for gas, solid and liquid phases. The heat capacities are described by the 
polynomial: 
𝐶𝑝(𝑇) = 𝐴 + 𝐵𝑇 ∗ 10
−3 + 𝐶𝑇−2 ∗ 105 + 𝐷𝑇2 ∗ 10−6 
Where A, B, C and D are numerical coefficients. The pressure conditions were modelled 
assuming ideal gas behavior. The species included in the model and the reference from 
where the HSC8 sources the thermochemical data are given in the table below. 
The HSC software accesses its uses its database my taking the most recent reliable 
thermodynamic data and where disagreements between different sources are found, the 
data is further evaluated (Outotec, 2015). 
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Species included in the thermochemical model and temperature ranges over which the 
thermochemical data is available from the references given as abbreviations and full 
references below. T-conditions outside the defined range are extrapolated by the software 
according to the polynomial given above. 
Species 
Tmin 
(K) 
Tmax 
(K) 
P References 
CO(g) 200 20000 g Barin 89 Frenkel 94 Burcat 14 Belov 99   
CO2(g) 50 10000 g Barin 93 Frenkel 94 Glushko 94 
Landolt 
99 
  
HCl(g) 50 6000 g Barin 93 Frenkel 94 Glushko 94 
Landolt 
99 
  
H2O(g) 298.15 20000 g JANAF 85 Glushko 94 Landolt 01    
OH(g) 298.15 20000 g 
Ponomarev 
08 
Ruscic 05 Glushko 94 
Landolt 
01 
  
H2(g) 50 20000 g JANAF 85 Frenkel 94 Nasa 93    
Cl2(g) 100 10000 g JANAF 98 Landolt 99 JANAF 85    
ClO(g) 50 6000 g Barin 93 Landolt 99 Glushko 94    
O2(g) 100 20000 g Barin 93 Frenkel 94 Nasa 93 
Landolt 
99 
  
N2(g) 100 20000 g JANAF 85 Nasa 93     
F2(g) 50 10000 g Landolt 99 Barin 93 Frenkel 94    
CCl4(g) 100 6000 g JANAF 98 Knacke 91 Frenkel 94 
Landolt 
99 
Glushko 
94 
 
CClF3(g) 100 6000 g Ruscic 98 JANAF 98 Frenkel 94 
Landolt 
99 
  
CCl2F2(g) 50 6000 g Perrot 08 JANAF 98 
Binnewies 
02 
   
CCl3F(g) 50 6000 g JANAF 98 
Binnewies 
02 
Glushko 94 
Landolt 
99 
  
CF2(g) 50 6000 g Belov 99 
Cioslowski 
00 
Barin 93 
JANAF 
85 
Landolt 
99 
 
CF3(g) 50 6000 g 
Ponomarev 
08 
Belov 99 Barin 89 
JANAF 
85 
Landolt 
99 
 
CF4(g) 50 6000 g Barin 77 Landolt 99 Glushko 94    
HF(g) 50 10000 g Barin 93 Landolt 00 Glushko 94    
C2Cl2(g) 100 6000 g Zhu 02 Barin 93 JANAF 85 
JANAF 
98 
  
C2Cl(g) 298.15 6000 g Zhu 02 Barin 93 Glushko 94 
Landolt 
99 
  
H(g) 100 20000 g JANAF 85 Belov 99 Nasa 99    
O(g) 50 20000 g Barin 89 Frenkel 94 Belov 99    
C(g) 100 20000 g Landolt 99 Barin 77 Belov 99 Nasa 99   
Cl(g) 100 20000 g Knacke 91 Frenkel 94 Landolt 99 Nasa 99   
F(g) 100 20000 g Barin 89 Frenkel 94 Landolt 99 Nasa 99   
N(g) 100 20000 g JANAF 85 Nasa 99 Belov 99    
S(g) 100 20000 g Landolt 99 Patnaik 03 Barin 89 
Frenkel 
94 
Nasa 99  
COS(g) 100 6000 g Perrot 08 JANAF 98 
Binnewies 
02 
Barin 93 
Glushko 
04 
Landolt 
99 
CS(g) 200 6000 g Burcat 14 Perrot 08 Glushko 94 
Landolt 
99 
  
CS2(g) 100 6000 g JANAF 98 Barin 93 Glushko 94 
Landolt 
99 
  
H2S(g) 50 6000 g Barin 89 Frenkel 94 Glushko 94 
Landolt 
01 
  
S2(g) 50 6000 g Knacke 91 Frenkel 94 Landolt 99    
S3(g) 50 6000 g Barin 93 Frenkel 94 Landolt 99    
S4(g) 50 6000 g Belov 99 Frenkel 94 JANAF 98 
Binnewie
s 02 
  
S5(g) 298.15 6000 g Belov 99 JANAF 98 
Binnewies 
02 
Landolt 
99 
  
S6(g) 50 6000 g Belov 99 Barin 93 JANAF 98 
Binnewie
s 02 
Frenkel 
94 
Landolt 
99 
S7(g) 50 6000 g Belov 99 JANAF 98 
Binnewies 
02 
Landolt 
99 
Frenkel 
94 
Barin 89 
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Species 
Tmin 
(K) 
Tmax 
(K) 
P References 
S8(g) 50 6000 g Belov 99 JANAF 98 
Binnewies 
02 
Landolt 
99 
Frenkel 
94 
 
SO(g) 50 6000 g Barin 89 Frenkel 94 Landolt 01 
Glushko 
94 
  
SCl(g) 100 6000 g JANAF 98 Barin 93 JANAF 85 
Landolt 
99 
  
SO3(g) 298.15 6000 g Barin 89 Frenkel 94 Belov 99    
SN(g) 298.15 6000 g Glushko 94 Landolt 01 JANAF 98    
SO2(g) 50 5000 g Barin 93 Frenkel 94     
S2O(g) 100 4000 g JANAF 98 Barin 89 Landolt 01    
SCl2(g) 100 6000 g JANAF 98 Knacke 91 JANAF 85 
Landolt 
99 
  
SF(g) 100 6000 g 
Ponomarev 
08 
JANAF 98 
Binnewies 
02 
Landolt 
00 
  
SF2(g) 100 6000 g Belov 99 
Cioslowski 
00 
JANAF 98 
Binnewie
s 02 
Glushko 
94 
Landolt 
00 
SF3(g) 100 6000 g Belov 99 JANAF 98 
Binnewies 
02 
Glushko 
94 
Landolt 
00 
 
Zn(g) 100 20000 g Landolt 99 JANAF 98 Bard 85 Nasa 99   
ZnS(g) 298.15 6000 g Barin 77 Glushko 96 Landolt 01    
ZnCl(g) 298.15 6000 g Glushko 96 Landolt 99     
ZnCl2(g) 298.15 6000 g Barin 93 Patnaik 03 Glushko 96 
Landolt 
99 
  
ZnO(g) 298.15 6000 g Glushko 96 Landolt 01     
ZnF(g) 298.15 6000 g Glushko 96 Landolt 00     
ZnF2(g) 298.15 6000 g Barin 93 Glushko 96 Landolt 00    
ZnH(g) 298.15 6000 g Glushko 96 Landolt 01     
Zn 100 6000 
s 
& 
l 
Barin 77 Nasa 93 JANAF 98    
ZnSsph 298.15 3000 
s 
& 
l 
Barin 77 Glushko 94 Mullin 93 
Landolt 
01 
  
ZnSwu 298.15 2500 
s 
& 
l 
Barin 89 Patnaik 03 Glushko 96 
Landolt 
01 
  
ZnCl2 298.15 2000 
s 
& 
l 
Barin 89 Glushko 96 Landolt 99    
ZnO 298.15 4000 
s 
& 
l 
Barin 93 Patnaik 03 Glushko 96 
Landolt 
01 
  
ZnF2 298.15 3500 
s 
& 
l 
Barin 89 Glushko 96 Landolt 00    
Ni(g) 100 20000 g Landolt 99 JANAF 98 
Binnewies 
02 
Nasa 99   
NiS(g) 298.15 6000 g Belov 99 JANAF 85     
NiCl(g) 100 6000 g JANAF 98 
Binnewies 
02 
Landolt 99    
NiCl2(g) 100 6000 g JANAF 98 Barin 93 Glushko 96 
Landolt 
99 
  
NiCl3(g) 298.15 6000 g Glushko 96 Landolt 00     
NiO(g) 298.15 6000 g Knacke 91 Glushko 96 Landolt 01    
NiF(g) 298.15 6000 g Belov 99 Glushko 94 Landolt 00    
NiF2(g) 298.15 6000 g Knacke 91 Glushko 96 Landolt 00    
Ni 100 6000 
s 
& 
l 
Landolt 99 Barin 77 Nasa 93    
NiS 298.15 833 s Barin 77      
NiS2 298.15 2000 
s 
& 
l 
Barin 89      
NiCl2 100 2000 
s 
& 
l 
JANAF 98 Glushko 96 Archer 99c 
Landolt 
99 
  
NiO 298.15 4000 
s 
& 
l 
Barin 89 SGTE 99 Landolt 01    
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Species 
Tmin 
(K) 
Tmax 
(K) 
P References 
NiF2 298.15 3000 
s 
& 
l 
Gamsjaeger 
05 
     
Ga(g) 100 10000 g JANAF 98 Landolt 99 Barin 93    
Ga2S(g) 298.15 2000 g Barin 77      
GaCl(g) 298.15 6000 g Glushko 94 Landolt 99     
GaCl2(g) 298.15 6000 g Glushko 94 Landolt 99     
GaCl3(g) 298.15 6000 g Barin 89 Glushko 94 Landolt 00    
GaO(g) 298.15 6000 g Yaws 06 Glushko 94 Landolt 00    
Ga 298.15 4000 
s 
& 
l 
Landolt 99 Barin 77     
GaS 298.15 1288 s Barin 77 Knacke 91 
Binnewies 
02 
   
Ga2S3 298.15 1393 s Knacke 91 
Binnewies 
02 
    
GaCl3 298.15 500 
s 
& 
l 
Barin 77 Patnaik 03 Landolt 99 Barin 93 
Landolt 
00 
 
Ga2O 298.15 1000 
s 
& 
l 
Bard 85 Ruzinov 75     
Ga2O3 298.15 4000 
s 
& 
l 
Barin 89 Patnaik 03 Glushko 94 
Landolt 
00 
  
Pb(g) 100 20000 g Barin 89 Nasa 99 Gurvich 90    
PbS(g) 298.15 6000 g Barin 93 JANAF 98 
Binnewies 
02 
Glushko 
94 
Landolt 
01 
 
PbS2(g) 298.15 6000 g Glushko 94 Landolt 01     
PbCl(g) 100 6000 g JANAF 98 Glushko 94 Landolt 99    
PbCl2(g) 100 6000 g JANAF 98 
Binnewies 
02 
Glushko 94 
Landolt 
99 
  
PbCl3(g) 298.15 6000 g Gurvich 90      
PbCl4(g) 298.15 6000 g Yaws 06 Knacke 91 JANAF 98 
Binnewie
s 02 
Gurvich 
90 
Barin 89 
PbO(g) 298.15 6000 g Glushko 94 JANAF 98 
Binnewies 
02 
Landolt 
01 
  
PbF(g) 298.15 6000 g JANAF 98 
Binnewies 
02 
Landolt 00 
Glushko 
94 
  
Pb 100 3600 
s 
& 
l 
Barin 77 Nasa 93     
PbS 298.15 3000 
s 
& 
l 
Glushko 94 Patnaik 03 JANAF 98 
Binnewie
s 02 
Landolt 
01 
 
PbCl2 298.15 2300 
s 
& 
l 
Barin 93 JANAF 98 Mullin 93 
Gurvich 
90 
  
PbO 298.15 2000 
s 
& 
l 
Barin 93 Gurvich 90     
PbO2 298.15 1200 s Patnaik 03 Knacke 91 
Binnewies 
02 
   
Pb2O3 298.15 1000 s Gurvich 90 
Lamoreaux 
87 
    
Pb3O4 298.15 2000 s Barin 89 SGTE 94 Landolt 01    
PbF2 298.15 3200 
s 
& 
l 
Barin 93 Glushko 94 Landolt 00    
Cu(g) 100 20000 g Landolt 99 Bard 85 Nasa 99    
Cu2(g) 298.15 6000 g Landolt 99 JANAF 98 
Binnewies 
02 
   
CuS(g) 298.15 6000 g Knacke 91 Glushko 96 Landolt 00    
Cu2S(g) 298.15 6000 g THDA 94 Landolt 00     
CuCl(g) 100 6000 g JANAF 98 
Binnewies 
02 
Knacke 91 
Glushko 
94 
Landolt 
99 
 
CuCl2(g) 298.15 6000 g CRC 94 Glushko 96 Landolt 99    
CuO(g) 100 6000 g JANAF 98 
Binnewies 
02 
Barin 89 
Glushko 
96 
Landolt 
00 
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Species 
Tmin 
(K) 
Tmax 
(K) 
P References 
CuF(g) 100 6000 g JANAF 98 
Binnewies 
02 
Knacke 91 
Glushko 
96 
Landolt 
00 
 
Cu 100 6000 
s 
& 
l 
Landolt 99 Knacke 91 Nasa 93    
CuS 298.15 1000 s Knacke 91 Patnaik 03 Glushko 96    
Cu2S 298.15 3000 
s 
& 
l 
Belov 99 Barin 89 SGTE 94 
Landolt 
00 
  
CuCl 298.15 4000 
s 
& 
l 
Barin 93 Patnaik 03 Glushko 94 
Landolt 
99 
  
CuCl2 298.15 3000 
s 
& 
l 
Polyacheno
k 09 
Barin 89 Glushko 96    
CuO 298.15 3000 
s 
& 
l 
Knacke 91 Patnaik 03 Glushko 96 
Landolt 
00 
  
Cu2O 298.15 4000 
s 
& 
l 
Knacke 91 Holland 11 Patnaik 03 
Glushko 
96 
Landolt 
00 
 
CuF 298.15 2000 s JANAF 98 
Binnewies 
02 
Glushko 96 
Landolt 
00 
  
Fe(g) 100 20000 g JANAF 98 Landolt 99 Barin 89 Nasa 99   
FeS(g) 298.15 6000 g JANAF 98 
Binnewies 
02 
Glushko 96 
Landolt 
00 
  
FeCl(g) 100 6000 g JANAF 98 
Binnewies 
02 
Glushko 94 
Landolt 
99 
  
FeCl2(g) 100 6000 g JANAF 98 
Binnewies 
02 
Barin 89 
Glushko 
94 
Landolt 
99 
 
FeCl3(g) 100 6000 g JANAF 98 
Binnewies 
02 
Knacke 91 
Glushko 
94 
Landolt 
00 
 
Fe2Cl4(g) 298.15 6000 g JANAF 98 
Binnewies 
02 
Glushko 96 
Landolt 
00 
  
Fe2Cl6(g) 100 6000 g JANAF 98 Barin 89 JANAF 85 
Landolt 
00 
  
FeO(g) 298.15 6000 g JANAF 98 
Binnewies 
02 
Barin 89 
Glushko 
96 
Landolt 
00 
 
FeO2(g) 298.15 6000 g Belov 99 Glushko 96 Landolt 00    
FeF(g) 298.15 6000 g JANAF 98 
Binnewies 
02 
Glushko 96 
Landolt 
00 
  
FeF2(g) 100 6000 g JANAF 98 
Binnewies 
02 
Barin 89 
Glushko 
96 
Landolt 
00 
 
FeF3(g) 100 6000 g JANAF 98 
Binnewies 
02 
Knacke 91 
Glushko 
96 
Landolt 
00 
 
Fe2F4(g) 298.15 6000 g Glushko 96 Landolt 00     
Fe2F6(g) 298.15 6000 g Glushko 96 Landolt 00     
Fe 100 4000 
s 
& 
l 
JANAF 98 Landolt 99 Nasa 93 
Knacke 
91 
  
FeS 100 3800 
s 
& 
l 
Holland 11 JANAF 98 Patnaik 03 Barin 93   
FeS2 298.15 1500 s Holland 11 Patnaik 03 JANAF 98 
Binnewie
s 02 
  
Fe2S 298.15 300 s Waldner 04      
Fe2S3 298.15 398 s Phillips 88      
FeCl2 100 3000 
s 
& 
l 
JANAF 98 Knacke 91 Mullin 93 
Glushko 
96 
Landolt 
99 
 
FeCl3 100 2000 
s 
& 
l 
Patnaik 03 JANAF 98 Barin 93 
Glushko 
96 
Landolt 
00 
 
FeO 298.15 5000 
s 
& 
l 
Fabri 10 Patnaik 03 Landolt 99 
JANAF 
85 
Landolt 
00 
 
Fe2O3 298.15 4000 s Fabri 10 Barin 93 Robie 95 
Glushko 
96 
Landolt 
00 
 
Fe2O3*H2
O 
298.15 400 s Barin 77 THDA 94 Landolt 00    
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Species 
Tmin 
(K) 
Tmax 
(K) 
P References 
FeF2 100 4000 
s 
& 
l 
Patnaik 03 JANAF 98 
Binnewies 
02 
Glushko 
96 
Landolt 
00 
 
FeF3 298.15 2000 
s 
& 
l 
Barin 93 Glushko 96 Landolt 00 Belov 99   
 
Abbreviation Data References from Outotec (2015) HSC Chemistry software. 
Archer 99c 
Archer, D.G., Thermodynamic Properties of Import to Environmental Processes and Remediation. 
II. Previous Thermodynamic Property Values for Nickel and Some of its compounds, J. Phys. Chem. 
Ref. Data, Vol. 28, No. 5, pp. 1485-1507, 1999. 
Bard 85 
Bard A. J., Parsons R., Jordan J., Standard potentials in aqueous solution, Marcel Dekker Inc., New 
York, 1985. 
Barin 77 
Barin I., Knacke O., Kubaschewski O., Thermochemical properties of inorganic substances, 
Supplement, Springer-Verlag, Berlin, 861, 1977. 
Barin 89 Barin I: Thermochemical Data of Pure Substances, VCH Verlags Gesellschaft, Weinheim, 1989. 
Barin 93 
Barin I: Thermochemical Data of Pure Substances, Part I & 2, VCH Verlags Gesellschaft, 
Weinheim, 1993. 
Belov 99 
Belov, G., Iorish, V., Yungman, V., IVTANTHERMO - database on thermodynamic properties and 
related software, Calphad 23(2) (1999) 173-180. 
Binnewies 02 
Binnewies, M., Milke, E., Thermochemical Data of Elements and Compounds, 2nd edition, Wiley-
VCH, Weinheim, 2002. 
Burcat 14 
Goos, E., Burcat, A., Ruscic, B., "Extended Third Millennium Ideal Gas and Condensed Phase 
Thermochemical Database for Combustion with Updates from Active Thermochemical Tables". 
Update of "Third Millennium Ideal Gas and Condensed Phase Thermochemical Database for 
Combustion with Updates from Active Thermochemical Tables": Burcat, A., Ruscic, B., Report 
ANL 05/20 and TAE 960 Technion-IIT, Aerospace Engineering, and Argonne National Laboratory, 
Chemistry Division, September 2005. 
Cioslowski 00 
Cioslowski, J., Schimeczek, M., Liu, G., Stoyanov, V., A set of standard enthalpies of formation for 
benchmarking, calibration, and parametrization of electronic structure methods, Journal of Chemical 
Physics 113(21) (2000) 9377-9389. 
CRC 94 CRC Handbook of Chemistry and Physics, 74th edition, CRC press.,1994. 
Fabri 10 
Fabrichnaya, O., Saxena, S. K., Richet, P., Westrum, E. F., Thermodynamic Data, Models and Phase 
Diagrams in Multicomponent Oxide Systems: An Assessment for Materials and Planetary Scientists 
Based on Calorimetric, Volumetric and Phase Equilibrium Data, Springer-Verlag, Berlin 2010. 
Frenkel 94 
Frenkel, M. , Kabo, G. J. , Marsh, K. N. , Roganov, G. N. , Wilhoit, R. C. , Thermodynamics of 
organic compounds in the gas state, Vol. 1 & 2, 1994 
Gamsjaeger 05 
Gamsjäger Heinz, Chemical Thermodynamics of Nickel, Chemical Thermodynamics vol. 6, pp. 43-
72, Elsevier B.V., Amsterdam, 2005. 
Glushko 94 
Glushko Thermocenter of the Russian Academy of Sciences, IVTAN Association, Izhorskaya 13/19, 
127412 Moscow, Russia, 1994. 
Glushko 96 
Glushko Thermocenter of the Russian Academy of Sciences, IVTAN Association, Izhorskaya 13/19, 
127412 Moscow, Russia, 1996. 
Gurvich 90 
Gurvich, L.V., Veitz, I.V., et al. Thermodynamic Properties of Individual Substances. Fourth edition 
in 5 volumes, Hemisphere Pub Co. NY, L., Vol 1 in 2 parts, 1989. 
Holland 11 
Holland, T. J. B., Powell, R., An improved and extended internally consistent thermodynamic 
dataset for phases of petrological interest, involving a new equation of state for solids, Journal of 
Metamorphic Geology 29 (2011) 333-383. 
JANAF 85 
JANAF Thermochemical Tables, 3rd ed., M.W. Chase, et. al.., eds., J. of Phys. and Chem. Ref. Data, 
Vol.14 , Suppl.1, pp. 1-1856, 1985. 
JANAF 85 
Chase M. W., Jr., Davies C. A., Downey J. R., Jr., Frurip D. Journal, McDonald R. A., Syverud A. 
N., JANAF thermochemical tables third edition part II, Cr-Zr, J. of Phys. and Chem. Ref. Data, 
Vol.14, No.1, pp.927-1856, 1985. 
JANAF 98 
Chase Malcolm, NIST-JANAF, Thermochemical Tables - Fourth Edition, J. of Phys. and Chem. 
Ref. Data, Mononograph No. 9, 1998. 
Knacke 91 
Knacke O., Kubaschewski O., Hesselman K., Thermochemical properties of inorganic substances, 
2nd ed., Springer-Verlag, Berlin, pp.1-2412, 1991. (KKH 91). 
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Abbreviation Data References from Outotec (2015) HSC Chemistry software. 
Lamoreaux 87 
Lamoreaux, R.H.,Hildenbrand, D.L., Brewer, L. High Temperature Vaporization Behavior of Oxides 
II.Oxides of Be, Mg, Ca, Sr, Ba, B, Al, Ga, In, Tl, Si, Ge, Sn, Pb, Zn, Cd, and Hg. J. of Phys. and 
Chem. Ref. Data,Vol.16,No.3,pp.419-443, 1987. 
Landolt 99 
Landolt-Börnstein: Thermodynamic Properties of Inorganic Materials, Scientific Group Thermodata 
Europe (SGTE), Springer-Verlag, Berlin-Heidelberg, 1999. 
Landolt 00 
Landolt-Börnstein: Thermodynamic Properties of Inorganic Materials, Scientific Group Thermodata 
Europe (SGTE), Springer-Verlag, Berlin-Heidelberg, 2000. 
Landolt 01 
Landolt-Börnstein: Thermodynamic Properties of Inorganic Materials, Scientific Group Thermodata 
Europe (SGTE), Springer-Verlag, Berlin-Heidelberg, 2001. 
Mullin 93 
Mullin, J.W., Crystallization, Third Edition, Butterworth-Heinemann; a division of Reed Educational 
and Professional Publishing Ltd, Great Britain, 1993. 
Nasa 93 Thermodynamic Data for Fifty Reference Elements, NASA-TP-3287, N93-19977, 1993, 240 pages. 
Nasa 99 Thermodynamic Data to 20 000 K for Monatomic Gases, NASA/TP-1999-208523, 1999, 375 pages. 
Patnaik 03 Patnaik, P. Handbook of Inorganic Chemicals, McGraw-Hill, New York, 2003. 
Perrot 08 
Perrot, P., Propriétés thermodynamiques des composés organiques, Techniques de I'ingenieur 
Constantes physico-chimiques, (2008) K5(K620), pp. K620v2.1-K620v2.22. 
Phillips 88 
Thermodynamic Tables for Nuclear Waste Isolation. Prepared by S. L. Philips, F. V. Hale, L. F. 
Silvester, Lawrence Berkely Laboratory M. D. Siegel, Sandia National Laboratories, 182, 1988. 
Polyachenok 
09 
Polyachenok, O. G., Dudkina, E. N., Polyachenok, L. D., Thermal stability and thermodynamics of 
copper(II) chloride dihydrate, J. Chem. Thermodynamics 41 (2009) 74-79. 
Ponomarev 08 
Ponomarev, D., Takhistov, V., Slayden, S., Liebman, J., Thermochemistry of organic, 
elementorganic and inorganic species. Part XX. Enthalpies of formation for free radicals of main 
group elements' halogenides, Journal of Molecular Structure 876 (2008) 15-33. 
Ponomarev 08 
Ponomarev, D., Takhistov, V., Slayden, S., Liebman, J., Thermochemistry of organic, 
elementorganic and inorganic species. Part XXI. Enthalpies of formation for bi- and triradicals of 
main group elements' halogenides, Journal of Molecular Structure 876 (2008) 34-55. 
Robie 95 
Robie, R. A., Hemingway, B. S., Thermodynamic Properties of Minerals and Related Substances at 
298.15 K and 1 Bar (105 Pascals) Pressure and at Higher Temperatures, U.S. Geological Survey 
Bulletin 2131, 1995, 461 p. 
Ruscic 98 
Ruscic, B., Michael, J. V., Redfern, p. C., Curtiss, L. C., Raghavachari, K., Simultaneous 
Adjustment of Experimentally Based Enthalpies of Formation of CF3X, X = nil, H, Cl, Br, I, CF3, 
CN, and a Probe of G3 Theory, J. Phys. Chem. A 102 (1998) 10889-10899. 
Ruscic 05 
Ruscic, B., Boggs, J. E., Burcat, A., Császár, A. G., Demaison, J., Janoschek, R., Martin, J. M. L., 
Morton, M. L., Rossi, M. J., Stanton, J. F., Szalay, P. G., Westmoreland, P. R., Zabel, F., Bérces, T., 
IUPAC Critical Evaluation of Thermochemical Properties of Selected Radicals. Part I, J. Phys. 
Chem. Ref. Data, Vol. 34, No. 2, 2005, 573-656. 
Ruzinov 75 
Ruzinov L. P. and Guljanickij B. S.: Ravnovesnye prevrasoenija metallugiceskin reaktseij, Moskva, 
416, 1975. 
SGTE 94 
Scientific Group Thermodata Europe, Grenoble Campus, 1001 Avenue Centrale, BP 66, F-38402 
Saint Martin d'Héres, France, 1994. 
SGTE 99 
Scientific Group Thermodata Europe, Grenoble Campus, 1001 Avenue Centrale, BP 66, F-38402 
Saint Martin d'Héres, France, 1999. 
THDA 94 
THERMODATA, Grenoble Campus, 1001 Avenue Centrale, BP 66, F-38402 Saint Martin d'Héres, 
France. 
Waldner 04 
Waldner, P., Pelton, A.D., Critical Thermodynamic Assessment and Modeling of the Fe-Ni-S 
System, Metallurgical and Materials Transactions B: Process Metallurgy and Materials Processing 
Science, Vol. 35B(5), pp. 897-907, 2004. 
Yaws 06 
Yaws C. L.,The YAWS handbook of Thermodynamic properties for Hydrocarbons and Chemicals, 
Houston, 2006. 
Zhu 02 
Zhu, L., Bozzelli, J. W., Thermodynamic properties of chloroacetylene, dichloroacetylene, ethynyl 
radical, and chloroethynyl radical, Chemical Physics Letters 362 (2002) 445-452. 
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Figure 8-1: Metal speciation in the Erta Ale volcanic gas at 10-6 bar. 
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Figure 8-2: Metal speciation in the Erta Ale volcanic gas at 1 bar. The gas was sampled 
at 1084 °C. At this temperature the total mole fractions of metals in the gas phase are: 
XPb=6.6*10
-2, XGa=10
-2, XZn=2.6*10
-3, XFe=1.4*10
-4, XCu=1.8*10
-4 and XNi=7.7*10
-6. 
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Figure 8-3: Metal speciation in the lunar volcanic gas at 1 bar at IW-2. Sulfides are the 
dominant solid species except for Cu above 1220 °C where elemental Cu is more abundant. 
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Figure 8-4: Lunar volcanic gas at the Iron-Wüstite buffer, at (a) 10-6 bar and at (b) 1 bar. 
In comparison to Figure 2-2 the concentrations of CO2, SO2 and H2O are higher, but the 
three main species (CO, S2 and H2) remain dominant. 
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Figure 8-5: Metal speciation in the lunar gas at the Iron-Wüstite buffer at 10-6 bar. Iron 
and Ni are most affected by the higher oxygen fugacity, by the main species remain the 
same (see Figure 2-3). For Ga and Cu oxide species remain below 10-6 mole fractions. 
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Table 8-1: Volcanic gas compositions in mole% of the lunar volcanic at IW-2 and IW, and 
the composition of the volcanic gas from Erta Ale volcano in Ethiopia (Zelenski et al., 
2013; de Moor et al., 2013). The gases are compared using ratios of molar abundances. 
The fO2 is given relative to the iron-wüstite buffer (IW). 
 
 
 
Lunar gas 
IW-2 
Lunar gas 
IW 
Erta Ale 1084 
°C 
H 31.83 29.95 46.30 
O 15.45 20.44 42.29 
C  15.92 14.98 6.52 
Cl 0.17 0.16 0.50 
S 34.65 32.61 3.69 
F 1.98 1.86 0.70 
N 0.001 0.001 0.001 
H/C 2.00 2.00 7.11 
H/O 2.06 1.47 1.09 
H/S 0.9 0.9 12.6 
H/Cl 184.4 184.4 92.8 
O/C 0.97 1.36 6.49 
S/C 2.18 2.18 0.57 
Cl/C 0.01 0.01 0.08 
F/C 0.12 0.12 0.11 
H/(F+Cl) 14.8 14.8 38.6 
fO2 IW-2 IW IW+3.6 
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9 Appendix to Chapter 3 
 
Figure 9-1: FE-SEM images of the surface textures on the An15Di85 and An48Di52 glasses. 
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Figure 9-2: Na2SO4 coatings on albite glass reacted with SO2(g) for 1 h (upper row) and 24 
h (lower row), at 600 °C (left), 700 °C (middle) and 800 °C (right).  
 
 
Figure 9-3: Na2SO4 coatings on albite glasses reacted with SO2(g) at 600 °C for 
(a) 10 minutes, (b) 1 h and (c) 14 h.  
 
 
Figure 9-4: Sulfate coatings formed after 10 minutes at 600 °C on (a) anorthite glass, (b) 
diopside glass and (c) albite glass. 
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Figure 9-5: Grain size evolution of the sulfate grains on the continuously coated anorthite 
and diopside glasses reacted with SO2(g) at 600 °C. Each data point is the mean of 100 
measured grain widths with one standard deviation. 
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Figure 9-6: Diopside glass and diopside crystal (from Jaipur, Rajasthan, provided by 
Bruce Fegley) reacted with SO2(g); a) diopside glass, 600 °C, 10 min; b) diopside crystal, 
600 °C, 10 min; c) diopside glass, 800 °C, 1h; d) diopside crystal, 800 °C, 1h; e) diopside 
crystal, 800 °C, 96h; f) diopside crystal, 800 °C, 96 h. All surface coating materials are 
anhydrite. Coatings textures on the glass and crystal are similar. Anhydrite grain sizes 
vary over two orders of magnitude on the diopside crystal reacted with SO2(g) at 800 °C for 
96 h. These variations occur over the same crystal surface with constant crystal 
orientation. The variations may be due to defects and cracks in the crystal which allow a 
higher flux of Ca to the surface for the formation of CaSO4.  
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10 Appendix to Chapter 4 
 
Figure 10-1: EDS maps of the coating on the Fe-free basalt glass reacted with SO2(g) at 
700 °C for 1 h. a) S; b) Ca; c) Mg; d) Na; e) Si; f) Al.  
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Figure 10-2: EDS maps of the coating on the tholeiitic basalt glass pre-equilibrated at 
NNO-1.5, reacted with SO2(g) at 700 °C for 1 h. a) S; b) Ca; c) Mg; d) Na; e) Fe; f) Si. 
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Figure 10-3: EDS maps of the coating on the tholeiitic basalt glass pre-equilibrated at 
NNO, reacted with SO2(g) at 700 °C for 1 h. a) S; b) Ca; c) Mg; d) Na; e) Fe; f) Al; g) Si. 
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Figure 10-4: EDS maps of the coating on the tholeiitic basalt glass pre-equilibrated at 
NNO+1, reacted with SO2(g) at 700 °C for 1 h. a) S; b) Ca; c) Mg; d) Na; e) Fe; f) Ti; g) Si; 
h) Al. 
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Figure 10-5: Normative mineralogy of the Fe-free basalt as a function of the loss of a) 
CaO, b) MgO, c) Na2O and d) CaO+MgO+Na2O from the glass substrate. Additionally, 
the normative mineralogy also includes rutile, which is not affected by the modelled 
compositional changes and not shown in this figure (see Table 4-1).  
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Figure 10-6: Normative mineralogy of the tholeiitic basalt pre-equilibrated at NNO-1.5, 
as a function of the loss of a) CaO, b) MgO, c) Na2O and d) FeOtot from the glass substrate. 
Additionally, the normative mineralogy includes the phases orthoclase, ilmenite, magnetite 
and apatite which are not affected by the modelled compositional changes and not shown 
in this figure (see Table 4-1). 
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Figure 10-7: Normative mineralogy of the tholeiitic basalt pre-equilibrated at NNO, as a 
function of the loss of a) CaO, b) MgO, c) Na2O and d) FeOtot from the glass substrate. 
Additionally, the normative mineralogy includes the phases orthoclase, ilmenite, magnetite 
and apatite which are not affected by the modelled compositional changes and not shown 
in this figure (see Table 4-1). 
 
 
 
